| JOURNAL 
a OF | 


GEOMAGNETISM 
— AND 


| GEOELECTRICITY 


ae fle 


. VOL. X NO. 3 


TEP Ya Gr we 


| 
| | F 
¥TIOATIGIIOI 


| 2.04 xX IOV | a 


ae en KIDOKORO Gig 


of RLS gi: Sagas ee oe i peetratt ene = 


SR IE aa api ns 


“85? he Aeiosphetecie Taye MM KRAWANO. i 4 


i De FER TO 


aoe 


ae a ae) vo ee 


¥. Karo 
(ZeGeke Uvivend:z) 


A. Kuarara 
{Magers Unters: 


JOURNAL OF GEOMAGNETISM AND GEOELECTRICITY 


EDITORIAL COMMITTEE 


Chairman: M. HASEGAWA 
(Fukui University) 


H. HATAKEYAMA T. NAGATA 
(Meteorological Agency) (Tokyo University) 
T. HATANAKA M. OTA 
(Tokyo University) (Kyoto University) 
Y. Kato Y. SEKIDO 
(Tohoku University) (Nagoya University) 
A. Kimpara Y. TAMURA 
(Nagoya University) (Kyoto University) 
K. MaeDa H. Uvepa = 
(Kyoto University) ; (Radio Research Laboratories). 


EDITORIAL OFFICER: M. Ota (Kyoto University) | 
ainsi OFFICE: eo of Terrestrial Magasin and Electricity of Japan, 


awaoazaH M 
(eHaezeviats tsar %) 


ATaADAM, .T 
(etierevial! otek} 


avo M 


igdiersvial) og) 


oamad .f 


(ysiezsviald  syogelt) 


ARIMAT ¥ 
(eitersvial? ojee3t) 


ey 


{i 


AViVAMOHD AO JAMAUOL 


: mecrisdl 


AMAYaa#aTAH .H 
iyouseA facigoloteaiakt) 


ANAMATAH .T 
{etiawviall opieT) 


orad .Y 
(Qiesein saodeT) 


—~  sasagM A 


OO 


ee i eee Se eee ee 


4 
 —{ - : ; 2 ih ; p 
DOSS ISW9«) . S3 it VL} : att. 53! 
“2 & wy ees es see ‘xpe - “é ™ 
: ee | 5 AWE IE ¥ aad ree; SSR ITT rS 
‘> e - <F 
(Fe OMgw Ae P-Biryc vat 
ERE | } ‘ = ‘ st AR BD is\w] 
. 7 = Or = 
AAUCTAA Hreseei 
CRAUNIASOL DD TA siv ind Ve guchmiatl i 
ss on 
fullest te, chwlifenh ay hurl 
G5 i 7 ins 
ed SS onseunde wbsvisceH - BG y8l welt best) 
fariiciiie ei4. : P ‘ . oc a5 . 
: ; nerted 
ai> nae t SF <4 ee . ? a 


{x: 33452TS= ii 


synthet boveraese eetiansR@cestit qrosnegesnod., to anepionet feayians silssigzad 


pee 225s} 
graphi-~ tlewngsyasiisterw bag vilaoitorzan 1 bs isin AS SToy aay. Aingoioy gyorey sao = 
‘ pitt > ate po ae ere 
MOCKS Siiismred-siiasmili bsvlecxa gates esis mgeniogat sift sar o} ton 93st ssw 16) 
in ¥ imod fo, ea ensminaq2 tnoeeng 23 tp insoisg duodA ee 223792 
ats bied Lary 


mars : : (ave stissed the 
bisa ‘lenoisisogme ‘Stinnaailanigedvis-s 31995 agem = nt “Beds Fs “Holt : 
heating® expe? te } a ges od = tie e0qino 


of mar a, isi sucanagommod n= ¢ mA 3) sansTivss0 feta. erst nse yrsnisy Gr HSH SAE , ise Setae ; 
Bed ee stinsinll-oliismgaen 6 § aga? ‘esies neiseogries fsstrsi> Hote ee BERGNE 
operuns a: ‘od 23504 SI onde Fi Bnet Sate eae bse “sats Biabae enlt cel 


SHEDS IRI! GH OSEOR ari BE sand isis nls 5 


Magneto-Chemical Study of the Generalized 
Titanomagnetite in Volcanic Rocks* 


By Syun-iti AKIMOTO 
Geophysical Institute, Tokyo University 


Takashi KATSURA 


Laboratory of Analytical Chemistry and Geochemistry, 
Tokyo Institute of Technology 
(Read May 19, 1958; Received February 28, 1959) 


Abstract 


Chemically analysed specimens of homogeneous titanomagnetites separated 
from various volcanic rocks were examined magnetically and crystallographically. 
Care was taken not to use the titanomagnetite carrying exsolved ilmenite-hematite x 
series minerals. About 80 percent of the present specimens possesses the chemical ? 
composition situated in a magnetite-ulvospinel-ilmenite compositional field in a P 
FeO-Fe,0,-TiO, ternary system. Natural occurrence of the homogeneous titano- 
magnetite of which chemical composition enters into a magnetite-ilmenite-hematite 
compositional field was also found in some volcanic rocks. The concept of the - 
generalized titanomagnetite, i.e. the spinel phase in the FeO-Fe,0,-TiO, system 
with varying vacancy in the metal ion site of the crystal structure, was applied 
for the magneto-chemical study of these natural titanomagnetites. The magnetic _ 

and crystallographic properties of the present specimens are interpreted successfully = 
by making use of the equal lattice parameter diagram and equal Curie temperature ; 
diagram on the FeO-Fe,0,-TiO, system both of which have been determined from 

the synthetic experiments. A remarkable character that the titanomagnetite in 
some volcanic rocks is separable to an ensemble of the single phase grains of 
which chemical composition varies grain by grain nearly along the reduction- 
oxidation line was also feed Ledge tae ; cern peat 
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also investigated the titanomagnetite in volcanic rocks and interpreted its magnetic 
property on the basis of the results of the synthetic experiments available at that time. 

Chevallier and Girard (1950) have synthesized for the first time the solid solution 
between Fe,O, and TiFeO,; and named it titanomagnetite II in contrast to the TiFe,O,- 
Fe;O, solid solution series (titanomagnetite I) (Pouillard, 1950). But their solid solution 
is still too limited (37 molecular percent of TiFeO;) to interpret thoroughly the physical 
properties of the natural titanomagnetite of which chemical composition deviates from 
the TiFe,O,-Fe,O, line. We have recently succeeded in extending the spinel region to 
the more wide range in a FeO-Fe,0,-TiO, system by carrying out the oxidation 
experiments for a series of solid solution xTiFe,O,.-(1-x)Fe,0, over a whole range of 
the composition 1=>-*=0 (Akimoto, Katsura and Yoshida, 1957). Generalized titano- 
magnetite having some vacant site in the metal ion positions of the spinel structure has 
also been postulated. In the present study this recent information concerning the 
synthetic titanomagnetite will be applied to an interpretation of the chemical, crystallo- 
graphic and magnetic properties of the natural titanomagnetite contained in volcanic 
rocks. 

In a recent paper Vincent, Wright, Chevallier and Mathieu (1957) have studied the 
heating experiments on some natural titaniferous magnetite having unmixing lamellae 
of magnetite and ilmenite and the mineralogical changes occurring during the heating 
experiments were followed microscopically and by determining the change in unit cell 
dimensions of the various phases, and also by quantitative measurements of their 
magnetic properties. They have concluded that at high temperatures fairly extensive 
solid solution probably exists over much of the magnetite-ulvéspinel-ilmenite com- 
positional field, and that homogeneous titanomagnetite (generalized titanomagnetite in 
our nomenclature) of widely varying composition and magnetic properties may persist 
without unmixing in some rapidly cooled lavas. These considerations are quite accepted 
in general for the titanomagnetite in Japanese volcanic rocks, but it is also established 
that the chemical composition of some titanomagnetites in Japanese volcanic rocks 
enters into the magnetite-ilmenite-hematite compositional field beyond the magnetite- 
ilmenite join. They also pointed out that the fairly poor correlation between chemical, 
crystallographic and magnetic data in our previous study (Akimoto, 1954, 1955) arouse 
a suspicion that the specimens concerned might have unmixed to varying extent and in 
different ways according to their composition. 

Under the circumstances, we selected the excellent specimens of titanomagnetite 
with spinel structure from the previous specimens, several new specimens being also 
added for the present study. Special care was paid for the identification of the unmixing 
ilmenite-hematite series minerals in the specimen. In the present paper the name of 
titanomagnetite was used for the homogeneous titaniferous magnetite having some 


vacancy in the spinel structure in general. 
2. Separation of Titanomagnetite and Its Identification 


ae 500 g of volcanic rock was crashed roughly by a gun-metal crasher, and the 
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ferromagnetic fraction was separated from silicate minerals by a hand-magnet. The 
fraction thus separated was then pulverized as finely as possible (below 200 mesh) in 
an agate-mortar in the presence of water. The fine powder thus prepared was suspended 
in 100 ml of water, and ferromagnetic deposits were attracted by a magnet through 
the beaker-glass, then the supernatant suspending materials were drawn off by decan- 
tation. These procedures were repeated several times until the total percent of iron 
oxide and titanium dioxide amounts to about 90 24. As already mentioned in a previous 
paper (Akimoto, 1955), the groundmass ferromagnetic minerals in basalt, are so finely 
grained that the small amounts of silicates such as olivine, pyroxene, etc. are still 
involved as impurities in spite of our effort. It is almost impossible to separate purely 
the groundmass ferromagnetic minerals from the small amounts of silicates, especially 
in the case of aphyric rocks, and when we try to separate them purely by means of 
a usual method, we had to eliminate the greater amounts of ferromagnetic fraction for 
their impurities. Although the ferromagnetic minerals thus separated, about 90 % purity 
mainly consist of titanomagnetite grains, a small quantity of ferromagnetic ilmenite, 
common ilmenite, and hematite may be sometimes involed either as an exsolution 
lamellae or as an impurity. The identification of them was carried out by an X-ray 
diffractometric method. X-ray diffraction patterns of the specimens were recorded by 
means of a wide range X-ray diffractometer “Norelco” with Fe K radiation in a 
fairly large scanning speed for 20 angle range from 90° to 20°. From this general 
survey, we could identify an impurity involved in the specimen and estimate its 
quantity roughly. If there exist non-ferromagnetic common ilmenite and/or hematite 
in the form of exsolution lamellae, these samples are omitted from the present study, 
because it is hardly possible in present technique to separate them from titanomagnetite. 
If there exists ferromagnetic ilmenite, we can separate it from titanomagnetite by the 
thermomagnetic separation method by Nagata, Akimoto and Uyeda (1953), in making 
use of the difference of Curie temperature between titanomagnetite and ferromagnetic 
ilmenites. The Curie temperature of the ferromagnetic ilmenites in volcanic rocks is 
generally lower than about 250°C and differs by 100°C or more from that of the 
co-existing titanomagnetite. 

It was verified from a careful investigation of the diffraction chart of the specimen 
which was prepared artificially by mixing ilmenite and magnetite in a definite ratio, 
that we could identify at least five percent of ilmenite in magnetite on the diffraction 
chart. When the content of ilmenite exceeds ten percent we could very easily identify 
it from magnetite. Therefore, the amount of the ilmenite-hematite series minerals 
contained in the specimens used in the present study must be less than five percent 
even if they exist as an exsolution lamellae. 


3. Specimens and Their Chemical Composition 


All the titanomagnetite specimens examined here are thirty-five in total number 
and each of them was separated from the host volcanic rocks with the aid of the 
separation method described in § 2. A part of these has already been reported in a 
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Table I. 


Localities 


Semi, Yamagata 


Hamada, Simane 


| Zydbosi, Sizuoka 


Imazu, Hukuoka 


Kakuda, Niigata 


| Sidara, Aiti 


Sidara, Aiti 
Simohutago, Hakone 


Karataki, Hakone 


Taga Volcano 
Sarusawa, Hakone 


Himesima, Ooita 
Minamihasi, Ooita 
Garandake, Ooita, 
Simohutago, Hakone 
Asoozawa, Totigi 
Kakuda Niigata 
Aso, Kumamoto 
Aso, Kumamoto 


Aso, Kumamoto 
Aso, Kumamoto 
Hutatudake, Haruna 
Haruna Volcano 


South of Hata, Hakone 
Towada Volcano 
Kutukake, Asama 
Sinkamibasi, Kagosima 
Nikko, Totigi 


Manazuru, Kanagawa 
Northern Slope of 
Amagi Volc. 

Asio, Totigi 


Mukooyama, Niisima 
Mukooyama, Niisima 
Atumi, Yamagata 
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> ity* 
Rees | remit, 

dolerite 95.88 
nepheline-basalt 86.16 
olivine-basalt 85.32 
olivine-basalt 86.87 

| Olivine-basalt enOt 
olivine-basalt 83.26 
basalt 93.37 
basalt | 89.31 
hy-aug-andesite 87.14 

| | 

| aug-hy-andesite 88.23 
ol-aug-hy-andesite 86.92 
aphyric andesite 86.41 
horn-mica-andesite 95.52 
horn-andesite 95.63 
horn-andesite 93.77 
two-pyr-andesite 87.14 
pig-aug-hy-andesite 89.04 
aug-andesite 91.80 
two-pyr-andesite 89.41 
two-pyr-andesite 91.58 
two-pyr-andesite 93.27 
two-pyr-andesite 85.33 
hy-horn-dacite 91.90 
hy-horn-dacite, 91.90 
pumice 
horn-dacite 94.61 
hy-horn-dacite 90.63 
dacite pumice 87.59 
dacite pumice 90.81 
pumice flow depo- 96.44 
site 
dacite pumice 88.39 
dacite pumice 85.68 
eulite-fayalite- 90.38 
dacite 
biot-rhyolite 91.79 
biot-rhyolite 92.15 
magnetite vein in 98.95 
dolerite 


Chemical composition and crystallographic and magnetic properties of 
titanomagnetites contained in volcanic rocks. 


FeO Fe,0, TiO, |Fe+Ti 
(in yee %) O x32 
59.50 14.86 25.64 | 23.66. 
57.74 22.81 19.45 | 23.81 
56.96 26.05 16.96} 23.86 
59.57 16.87 23.55 | 23.78 
56.89 17.70 25.41 | 23.42 
59.05 24.47 16.48 | 24.08 
59.96 17.73 22.31 | 23.88 
49.14 23.24 27.62 | 22.65 
53.40 31.01 15.59 | 23.60 
57.63 25.81 16.56 | 23.94 
56.77 28.12 15.05 | 23.93 
56.92 23.30 19.78 | 23.71 
45.36 44.79 9.85 | 23.23 
44.91 42.50 12.59 | 23.08 
41.74 48.85 9.41 | 23.00 
53.32 31.07 15.65 | 23.59 
58.36 17.78 23.86 | 23.64 
49.91 35.41 14.68 | 23.36 
38.98 42.32 18.70 | 22.40 
54.74 27.21 18.05 | 23.60 
50.38 37.75 11.87 | 23.53 
38.93 55.04 6.03 | 22.96 
51.52 38.58 9.90] 23.71 
51.59 38.55 9.86 | 23.71 
50.01 37.38 12.61 | 23.46 
53.00 34.59 12.41 | 23.72 
52.48 36.49 11.03 | 23.74 
55.12 31.98 12.90 | 23.88 
52.90 36.91 10.19 | 23.81 
55.96 28.51 15.53 | 23.83 
52.38 36.72 10.90 | 23.73 
50.58 38.67 10.74 | 23.59 
51.80 39.36 8.84 | 23.78 
52.24 39.52 8.24| 23.84 
48.05 51.95 0.00 | 23.85 


* Total % of FeO+Fe,0;+TiO, (by weight) 
** As for the specimens showing the thermal hysteresis phenomena in their thermo- 
magnetic curve, the Curie temperature in both heating and cooling processes is given. 


H and C represent heating and cooling process respectively. 
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| 

Fe Curie. teraperature Saturation moment 
Fe+Ti Lattice parameter ia’ Za oa ma (at room temp.) 
0; 77%) whusearae aes 400°C —:_-« 260°C 27 u.m.u./gr. 

220 130 
0.842 8.462 235 32 
0.865: | 8.444 | 440 : 300 36 
0.798 | 8.458 | 120 20 ; 
0.784 | 8.490 | 120 14 
0.868 
0.810 | 8.467. | 200 
0.776 | 8.439} 310 : 
0.881 8.422  : 8.426"** | 505 505 66 

410 
0.868 | 8.426 = 8.432"** | 380 435 59 

: 360 
0.883 8.424 = 8.432" | 500 : 410 61 
0.840 8.454 480° : 450 44 

(8.405) 

0.932 | 8.400 / 510 ' 500 : 
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previous paper (Akimoto, 1955) and some specimens which contained a fairly large 
amount of impurities were purified again and reanalysed for the present study, and 
the others are new specimens. 

The localities where these host rocks were sampled and the rock species are shown 
in Table I. The petrological character of these host rocks represents that of the 
various kinds of typical volcanic rocks, since the chemical composition of magmas 
and the physical conditions under which solidification has taken place vary through 
these rocks over a wide range. That is, there will be seen, from basic to acidic, 
basalt, dolerite, andesite, dacite, rhyolite. 

The titanomagnetite specimens have been analysed chemically by the simultaneous 
determination method, devised by Iwasaki et al. (1957), most suitable for the rapid 
analysis of three main components FeO, Fe,O, and TiO, of the ferromagnetic oxide 
minerals. The results of the chemical analysis are also given in Table I and represent- 
ed on the diagram of the FeO-Fe,O,-TiO, ternary system shown in Fig. 1. 

In addition to these main components, the ferromagnetic oxide minerals usually 
contain a small amount of magnesium, aluminum, manganese, vanadium, silicium, 
calcium and alkali metals as essential components or as impurities (Iwasaki and 
Katsura, 1950). It is the most interesting problem from the geochemical viewpoint to 
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study the behaviour of distribution of these minor elements in various titanomagnetite 
as already reported by Iwasaki and Katsura (1950), Wager and Mitchell (1954) and 
Buddington, Fahey and Vlisidis (1955). Geochemical study on the minor elements of 
the present titanomagnetite specimens will be written later in a separate paper. Vincent 
and Phillips (1954) and Vincent, Wright, Chevallier and Mathieu (1957) have practised 
a complete chemical analysis and plotted the overall chemical composition on the 
conventional Fe-Ti oxide triangular diagram. The samples which contain a large 
amount of SiO, are omitted from their study. Since the variance of the molecular 
proportion of MO, R,O, and TO, calculated by them with the actual molecular propor- 
tion of FeO, Fe,O; and TiO, is fairly small, the difference in such an expression of 
the triangular diagram is not deemed conclusive in the interpretation of the chemical 
and magnetic properties of the titanomagnetite. Hence, in the present study, the effect 
of all these minor elements on the magnetic properties of titanomagnetites was 
ignored. 

As will be seen in Fig. 1, it is clear that the chemical composition of titanomagnet- 
ites does not always accord with TiFe,O,-Fe,O, solid solution line but in most cases 
deviates from this join towards TiFeO,-Fe,O, join side. In the previous paper (Akimoto, 
Katsura, Yoshida, 1957), we have suggested that the spinel phase of titanomagnetite 
can be in existence as a single phase in a fairly broad region between the TiFe,O,- 
Fe,O, join and the TiFeO,-Fe,O,; join, according to the physico-chemical conditions 
under which solidification of the volcanic rocks has taken place, i.e. the temperature 
of lava, the rate of cooling, partial pressure of oxygen, the chemical composition of 
the lava, the presence of the volatile constituents etc. 

Recently, Chevallier and Girard (1950), Chevallier, Bolfa and Mathieu (1955), and 
Vincent, Wright, Chevallier and Mathieu (1957) have regarded the natural titanomagnet- 
ites as the Fe,0,-TiFe,O, series (Titanomagnetite I), Fe,0,-TiFeO, (7-ilmenite) series 
(Titanomagnetite II) or the intermediates between these two. The chemical composition 
of about 80 % of samples in the present paper are, indeed, distributed between these 
two principal lines, but eight samples, especially six samples (No. 8, 13, 14, 15, 19 and 
22 in Table I) deviate greatly from these two principal lines and enter into the Fe,O,- 
Fe,O;-TiFeO; compositional field. We call, for the present, these six titanomagnetites 
the very abnormal titanomagnetite, and the intermediate titanomagnetites assumed by 
Vincent et al. the abnormal titanomagnetite, and the titanomagnetites on the line or 
near the line of Fe,O,-TiFe,O, join the normal titanomagnetite. We by no means 
claim that these classifications have a certain strict sense, but they are adopted only 
as conventional ones. These abnormal series of titanomagnetites (generalized titano- 
magnetite in our previous paper) will be consistently interpreted as the resultant 
products obtained by oxidation of normal titanomagnetite as reported in our previous 
paper (1957). 

In Table I the atomic ratio of Fe/Fe+Ti and the atomic proportion of metals to 
oxygen calculated on the basis of 32 oxygen atoms, (Fe+Ti)/O x32, are shown. The 
values of Fe/Fe+Ti vary in the range between 0.776 and 0.941, and that of 
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(Fe+Ti)/O x 32 is in the range between 22.40 and 24.08. Itmust be noticed here that the 
normal titanomagnetite, TiFe, 20,-Fe 
ions in its unit cell. 


30, system, contains 32 oxygen ions and 24 metal 

In Fig. 2, the relation between these two quantities of all the 
, Where the lines EF and ABD represent the course of oxidation 
of magnetite (Fe,0,) and ulvospinel (TiFe,O,) respectively, and the points C and F 
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Fig. 2 Chemical composition of natural titanomagnetites, Eee on Fe/(Fe+Ti) 
vs. (Fe+-Ti)/Ox 32 diagram. 
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©: titanomagnetites in basalt and dolerite. 
@: titanomagnetites in andesite 

@: titanomagnetites in dacite and rhyolite 
Av: synthetic titanomagnetites. 


stand for TiFeO; and Fe,O; respectively. The lines AE and EBC represent the 
magnetite-ulvéspinel solid solution and magnetite-ilmenite (y-TiFeO;) solid solution 
assumed by Chevallier and Girard (1950) respectively, and the compositional region 
ECA represent the intermediate titanomagnetite called by Vincent, Chevallier et al. 
It may also be clearly understood that the titanomagnetite of which chemical composi- 
tion enters into the region ABC forming a part of intermediate region can not be 
prepared by the oxidation of magnetite-ulvéspinel solid solution. There will be seen a 
general tendency that the titanomagnetite contained in basic volcanic rocks is rich in 
titanium in comparison with that in acidic rocks. The atomic ratio Fe/Fe+Ti of the 
titanomagnetite decreases gradually in general sequence of rhyolite, dacite, andesite, 
basalt. The very abnormal character of the chemical composition of the six specimens 
mentioned before were again manifested in the figure in a more distinct manner than 
in Fig. 1. The very abnormal titanomagnetite No. 8, No. 19, No. 14 and No. 22 in 
Table I corresponds nearly to the case when synthetic titanomagnetite (normal) S2-7, 


$5-3, S2-3 and S2-1 in our previous paper (1957) is oxidized in appropriate conditions 
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respectively, and No. 13 and No. 15 are nearly the case of oxidation of S2-2. Table II 


shows the relations mentioned here. 


Table II 
: Fe |. Fe+Ti | Lattice | Curie tem- 
Specimen Fe+Ti es a parameter | perature 
No. 8 0.776 22.65 | 8.439 A 310°C 
S 2-7 0.768 23.55 | 8.486 110 
No. 19 0.869 22.40 | - 8.387 | 565 
$53 -|-e0.874 23.78 8.442 | 350 
No. 14 | 0.912 23.08 8.405 | 495 
S 23 0.905 23.73 8.427 | 420 
No. 13 0.932 23.23 8.400 | 500 
No. 15 0.937 23.00 8.399 495 
S-3-9 | 0.940 23.82 8.416 480 
No. 22 | 0.961 22.96 8.397 565 
S 21 0.975 23.87 8.402 550 


h 
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4. Fractionation of a Titanomagnetite Separated from a Rock Specimen 


As already reported (Nagata, Akimoto and Uyeda, 1953) an ensemble of ferromagnet- 
ic minerals separated from the original volcanic rocks by a usual magnetic method 
generally consists of a large number of grains of different chemical composition, 
having different Curie temperature, with the result that the magnetic properties of a 
rock specimen represent those of the average composition of the ensemble. Therefore, 
in order to obtain an accurate relation between magnetic properties and chemical 
composition of ferromagnetic minerals, it is required to fractionate the ferromagnetic 
mineral grains as uniquely as possible with respect to their chemical composition, _ 

As for ferromagnetic ilmenites this has already been practised | with the ‘help of 
_ thermo-magnetic separation method (Nagat: and Akimoto, 1 1956, Ure line 
SS znetite ¢ r: 
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Fig. 3 Thermomagnetic separation spectra of titanomagnetites in volcanic rocks. 
Table III Chemical composition and crystallographic and magnetic properties of the thermomagnet- — 
ically separated Samomagnetites. 
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Chemical composition of each fractionated specimen is given in Table III together 
with the atomic ratios of Fe/Fe+Ti and (Fe+Ti)/O x32, and represented on the FeO- 
Fe,O,-TiO, diagram in molecular percent (Fig. 4). 


7FeQ, was 
IRTP ETN 
[ESET LBO 
SPE NEAT AS 


FeO FeO, Fe,Q, 


Fig. 4 Chemical composition of thermomagnetically separated 
titanomagnetites, represented on a FeO-Fe,0,-TiO, diagram 
in mol. percent. Broken lines indicate theoretical 
reduction-oxidation lines. 


The fractions separated below 80°C and above 120°C in Imazu olivine basalt, 
separated below 300°C and above 440°C in Manazuru dacite pumice and separated 
below 440°C in Niisima rhyblite are so scanty that we could” not oars them 
eget 
As will be seen in Table III and Fig. 4, the tanomagnetie in Iman olivine 
basalt, Manazuru ao. ‘Niisima ee Le on: 4 
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in some volcanic rocks consist undoubtedly of a large number of grains with different 
chemical composition which are easily separated as the individual homogeneous phases 
without any unmixing lamellae. We know by experience that this is the case for 
every volcanic rocks even if there may be a significant difference in the form of the 
chemical composition spectrum, peculiar to each rock sample. Hence, this fact may 
suggest that the formation of titanomagnetite is very much complicated even in the 
volcanic rocks which were considered to be the most simple form of igneous rocks. 
The titanomagnetite in the volcanic rocks which was presumed to be quenched from 
a high temperature state at the time of their outflow over the carth’s surface may be 
affected not only by the physical and chemical conditions of magma but also by its 
total history during solidification. Simple equilibrium state in chemical reaction or 
stoichiometric relation to solid reaction among magnetite, ulvospinel and ilmenite may 
not be expectable. 


5. Lattice Parameters of Titanomagnetites 


The lattice parameters of all the titanomagnetite specimens were determined by 
the precise measurement of the diffraction angles of the specified crystal plane. 
Practically we measured the diffraction angles, 20 of (220), (311), (400), (422), (511; 333) 
and (440) planes by the “Norelco” with Fe Ka radiation in a slow scanning speed 
such as 1/2° per minute. Instrumental errors were calibrated by measuring the 
diffraction angles of the standard specimen of silicon. We determined the lattice 
parameter of the specimen as a mean value of the ones calculated from the 20 angle 


for each plane. 


Feo Fe30, 

Fig. 5 Relation between lattice parameter and chemical composition of titanomagnetites in oan 

rocks. The equal lattice parameter diagam of the spinel region obtained from the synthetic 
titanomagnetites is also reproduced in the figure. 
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The values of the lattice parameter of all the titanomagnetite specimens are also 
listed in Table I and Table III, where we can see the lattice parameters vary from 
about 8.38 A to 8.49 A over a fairly wide range. In order to find the relation between 
the lattice parameter and chemical composition, the numerical values of the lattice 
parameter were also indicated for each point representing the chemical composition 
of specimen on the FeO-Fe,0;-TiO, ternary diagram of Fig. 5. The equal lattice 
parameter diagram of the spinel region in the FeO-Fe,0;-TiO, system, which was 
obtained from the oxidation experiments of the synthetic normal titanomagnetite 
specimens (Akimoto, Katsura and Yoshida, 1957), is also reproduced in Fig. 5 without 
any modification. Although the present natural titanomagnetite specimens do not 
cover the whole area of the quadrilateral TiFe,O,-Fe,0,-Fe,0,-TiFeO, with equal 
density, there will be clearly seen the general tendency that each point distributes in 
good accordance with the contour line obtained by the previous synthetic experiments. 


6. Magnetic Properties of Titanomagnetites 


The variation in magnetic moment of all the specimens as a function of tempera- 
ture in a constant magnetic field of a few thousand Oersteds was measured in vacuum 
during both heating and cooling processes by means of a magnetic balance, which 
has been described in the previous paper in detail (Akimoto, 1954). The Curie tempera- 
ture determined from thermomagnetic curve is listed in Table I and Table III, where 
a part of the results already reported (Akimoto, 1955) is also reproduced. As for the 


Feo Fe3Q Feo. 

- ag . . 2 

ae 6 Relation between Curie temperature and chemical composition of titanomagnetites in 

volcanic rccks. The equal Curie temperature diagram of the spinel region obtained from the 
synthetic titanomagnetites is also reproduced in the figure. 
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specimens having the thermal hysteresis character in their thermomagnetic curve, that 
is the specimens of which magnetic moment changes irreversibly with temperature in 
heating and cooling process, the Curie temperature of both processes are given in the 
table. The values of the Curie temperature of the present specimens spread over the 
fairly wide range from about 100°C to 570°C. 

These numerical values of the Curie temperature of the natural titanomagnetites 
are compared with those of the synthetic titanomagnetite in Fig. 6, where the equal 
Curie temperature diagram of the spinel region in the FeO-Fe,0,-TiO, system, which 
was empirically determined from the previous study on the synthetic titanomagnetites, 
is also superposed. From the figure it is found in general that the Curie temperature 
of the present natural titanomagnetite specimens distributes in conformity with the 
contour line. Concerning the specimen with thermal hysteresis phenomenon in its 
thermomagnetic curve, the Curie temperature in the cooling process was adopted in 
the above discussion, because it seems likely to be in a more stable state (Akimoto, 
1955). 

The saturation moment of the specimens is also measured at a room temperature 
by the magnetic balance method. The details have already been reported in the 
previous paper (Akimoto, 1955). The results are also given in Table I. As already 
reported by many investigators (Chevallier et al., 1955, Néel, 1955, Nicholls, 1955, 
Gorter, 1957 and Akimoto et al., 1957), the saturation moment of the titanomagnetite 
is expected to be greatly affected by the cation configuration in both sites of the spinel 
structure, i.e. octahedral and tetrahedral site. Consequently it seems likely that the 
saturation moment of the natural titanomagnetite in volcanic rock depends not only 
on its chemical composition but on its total history experienced since the outflow over 


Feo Fe,0. Fe.0; 


Fig. 7 Relation between saturation moment at room temperature and chemical composition of 
titanomagnetites in volcanic rocks. The equal saturation moment diagram of the spinel region 
obtained from the synthetic titanomagnetites is also reproduced in the figure. 
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the earth’s surface. This may be a reason why the numerical values of the saturation 
moment for each specimen on the FeO-Fe,0;-TiO, system shown in Fig. 7 do not 
always accord well with the contour line, which was determined from the oxidation 
experiments of the normal titanomagnetite synthesized under a definite physico-chem1- 


cal conditions. 


7. Oxidation-Reduction Experiments on Natural Titanomagnetite 


As already quoted in the present paper, we showed from the oxidation experiments 
on the synthetic titanomagnetite that the normal titanomagnetite on Fe,0,-TiFe,O, 
system can be shifted discretionally to fairly broad range within a quadrilateral TiFe,O,- 
Fe,O,-Fe.0,-TiFeO, in conserving its spinel structure if appropriate conditions were 
selected. (Akimoto, Katsura and Yoshida 1957). Since the preparation of the homogeneous 
titamomagnetite having some vacant site in the spinel structure was the impending 
purpose in the previous study, the chemical reaction between normal titanomagnetite and 
oxygen was carried out in atmospheric partial pressure of oxygen and the rate of this 
reaction was left out of consideration. The reaction is formulated qualitatively as 
below ; 

(normal titanomagnetite) +O— (abnormal titanomagnetite). a) 
The stoichiometric reaction suggested by Ramdohr (3TiFe,0,+O=3TiFeO;+Fe,O, ; 
Ramdohr, 1953) will be expected to be realized in an equilibrium state under a certain 
temperature and partial pressure of oxygen. In this section, we attempted not only to 
oxidize but to reduce the natural titanomagnetite. The reduction process regarded as 
2 reverse reaction of the oxidation is formulated as follows. 

(abnormal titanomagnetite) -O > normal titanomagnetite. (2) 
To obtain the normal titanomagnetite from abnormal one, the following procedures 
aré carmed out. Abnormal titanomagnetite was heated in vacuum up to 1200°C in a 
transparent silica tube. The free oxygen caused by the dissociation of the specimens 
were subtracted with the aid of an oil diffusion vacuum pump. After the pressure in 
the silica tube reached to 1x 10~* mmHg at 1200°C, the natural abnormal titanomagnetite 
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and moreover the duration of heating is much larger in Niisima rhyolite compared 
with that of Hamada nepheline basalt. In spite of these experimental conditions 
favourable to the oxidation of the titanomagnetite in the Niisima rhyolite, the rate of 
decrease in the value of (Fe+Ti)/O x32, which represents the degree of oxidation, is 
much larger in the case of the titanomagnetite in nepheline basalt. The feasibility of 
this situation may also be expected by our previous study (Akimoto, Katsura and 
Yoshida 1957). The results of the heating experiments in the open air of the synthetic 
titanomagnetite (normal series) are reproduced in Table V. The degree of oxidation 
of the synthetic titanomagnetite is also shown in Fig. 9, where we can clearly see the 


Table V Change in chemical composition, lattice parameter and Curie temperature of synthetic 
titanomagnetites with oxidation. 


's i- | Fe | Fe+11 : Curie ge ; 
) pill Heat treatment Fe+Ti 2 32 Bee = ems: is ee 
| S 5-1 | Original 0.950 | 24.15 | 8.41640.002A | 490°C | TiMt* 
400°C, air, 1 hr. 0.952 2305 ” 
; 400°C, air, 3 hrs. 0.950 23.43 8.400+0.002 550 " 
550°C, air) hr: 0.950 23.05 8.391+0.001 570 " 
| 600°C, air, 20 min. 0.950 22.29 Il-Hm,** TiMt 
700°C, air, 10 min. 0.951 21.86 | I-Hm,** TiMt PB*** 
$52 Original 0.908 | 23.95 | 8.42840.001 | 420 | TiMt 


600°C, air, 20 min. 


0.908 | 21.84 . TiMt, Il-Hm, PB 
700°C, air, 10 min. 


Il-Hm, PB, TiMt 


400°C, air, 1 hr. 
400°C, air, 3 hrs. 
550°C, air, 1 hr. 
620°C, air, 10 min. 


. " 
0.874 | 22.58 | 8.405+0.002 | 550 
0.874 | 22.23 | 8.39940.000 | 565 


" 


= Original 2 23.78 | 8.44240.001 | 350° | TiMt 
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general tendency that the oxidation proceeds more easily in the specimens having 
higher content of TiO,. When we examine the figure more carefully, however, it may 
be noticed that the titanomagnetite having the Fe/Fe+Ti ratio between 0.80 and 0.90 
shows the almost similar character for the oxidation under the present experimental 
conditions. The details of these phenomena will be reported in a further paper in 
taking the reaction velocity into consideration. 

Through the heating experiments carried out at high temperature (1200°C) and in 
high vacuum state (10-‘mm Hg), the metastable natural titanomagnetite having a vacant 
site in the metal position of the spinel structure shows a trend to approach to a more 
stable and complete spinel structure (Table IV and Fig. 8). Since the duration of the 
present treatment may be too short to attain a true dissociation equilibrium at that 
temperature and pressure, the reduction process may probably proceed until the spinel 
structure of the concerned titanomagnetite becomes complete if the sufficiently long 
heat treatment was taken into practice. 

(2) Change in lattice parameter and Curie temperature 

The general tendency that the crystal parameter becomes smaller and the Curie 
temperature becomes higher according as the oxidation proceeds has already been 
reported in the previous paper (Akimoto, Katsura and Yoshida, 1957). This was again 
confirmed in more definite manner by the present oxidation or reduction experiments 
on the natural titanomagnetite specimens, the results being given in Tables IV and V. 
We have previously pointed out in §4 that the chemical composition of the thermo- 
magnetically separated specimens changes continuously along the reduction-oxidation 
line of the FeO-Fe,O;-TiO, system. These data are also available for examining the 
effect of oxidation or reduction on the lattice parameter and Curie temperature. 

In Fig. 10 the lattice parameter of the titanomagnetite specimens having a definite 
atomic ratio of Fe/Fe+Ti is plotted as a function of the number of the metal ions in 
a unit cell, which indicates the degree of oxidation. Two groups of titanomagnetites 
of which atomic ratio Fe/(Fe+Ti) is o% a fairly narrow range of 0.87~0.88 and 0.94~ 
0.95 are selected for the present purpose from Tables J, II, III, IV and V. Fractionated 
specimens of Manazuru dacite are involved in the former group and Niisima rhyolite 


23 
( FeeTi Nip» 32 
Fig. 10 Variation in lattice parameter of titanomagnetites 
with oxidation or reduction. Ordinate; lattice parameter, 
Abscissa ; (Fe+Ti)/Ox32, r=Fe/(Fe+Ti). 
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in the latter group. Continuous change of the lattice parameter with the (Fe+Ti)/O 
x32 value is found in each group. The dependence of the Curie temperature of the 
specimens upon the numbers of metal ions in a unit cell is shown in Fig. 11, where 
continuous increase of the Curie temperature is also found with increase of the 
(Fe+Ti)/O x32 value in each group. 


Curie temperature 


( Fe+ Ti lf» 32 
Fig. 11 Variation in Curie temperature of titanomagnetites 
with oxidation or reduction. Ordinate; Curie temperature, 
Abscissa ; (Fe +Ti)/Ox32, r=Fe/(Fe+Ti). 


8. Conclusions 


The concept of the generalized titanomagnetite which has been derived from the 
oxidation experiments for the TiFe,O,-Fe,O, solid solution series was applied for the 
magneto-chemical study of the natural titanomagnetite in volcanic rocks. About 80% 
of specimens in the present study possesses the chemical composition distributing in 
the magnetite-ulvéspinel-ilmenite compositional field. However, natural occurrence of 
the single phase titanomagnetite, of which chemical composition is situated in the 
magnetite-hematite-ilmenite compositional field far beyond the TiFeO,-Fe,O, line in 
the FeO-Fe,0,-TiO, diagram, was also confirmed in some volcanic rocks. These very 
abnormal titanomagnetites can probably be understood thoroughly only by assuming — 
‘that the spinel phase with the varying vacancy in the metal ion site of the crystal _ 
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New <indings that the titanomagnetite in some volcanic rocks is separable to an 
ensemble of the single phase grains of which chemical composition varies grain by 
grain nearly along the reduction-oxidation line may be of great petrogenetic interest. 
This suggests that the formation of titanomagnetite in volcanic rocks is more com- 
plicated than expected. 

The presence of the very abnormal titanomagnetite is also of great significance 
on the study of palaeomagnetism. Since the remanent magnetization of rocks may be 
greatly influenced by the chemical reaction throughout geological age, a systematic 
study of the variation in both intensity and direction of the natural remanent magnetiza- 
tion of rocks with oxidation is required, in connection with the generation of chemical 
remanent magnetization or the physical explanation of the unstable remanent magnetiza- 
tion observed in some kind of rocks. 

It must be emphasized here that the crystallographic and magnetic properties of 
the natural titanomagnetite, which have been considered complicated apparently in the 
previous study, are successfully explained by utilizing the equal lattice parameter 
diagram and equal Curie temperature diagram on the FeO-Fe,O;-TiO, ternary system 
which have been determined from the synthetic experiments. The situation that a 
continuous decrease in lattice parameter and increase in Curie temperature of titano- 
magnetite take place according as the oxidation proceeds is also established from the 
oxidation or reduction experiments of natural titanomagnetite by adopting the value 
of (Fe+Ti)/O x32 for an oxidation parameter. 

In concluding the authors should like to express their sincere thanks to Prof. T. 
Nagata for his constant guidance since the very beginning of the authors’ study of 
rock magnetism. They also wish to thank Prof. I. Iwasaki for his kind encouragement 
and interest throughout the study. They thank cordially Prof. H. Kuno, who kindly 
allowed the authors to use various ferromagnetic minerals separated by him and gave 
much valuable suggestions and discussions from the petrological point of view. Their 
hearty thanks are also due to Messrs. S. Aramaki and H. Matsumoto for their kindness 
in putting the specimens at the authors’ disposal. The authors are also indebted to 
Mr. M. Yoshida for his fruitful discussion throughout the study. 
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A Theory of Ionospheric Radio Wave Scattering Under the 
Influences of Ion Production and Recombination 


By Ken-ichi MAEDA, Susumu KaTo and Takao TsuDA 


Department of Electronics, Kyoto University 
(Read May 17, 1958; Received March 1, 1959) 


Abstract 


For the daytime E-layer ionospheric scatter propagation, the controlling solar 
influences cannot be neglected. To account for the experimental results obtained 
by D.K. Bailey et c/., showing solar influences, a new theory is proposed which 
introduces the effects of ion production and recombination to Villars-Weisskopf’s 
pressure theory. The electrons are assumed to be compressed or dilated at the 
same rate as ihe air itself, the latter being subject to adiabatic change of pressure, 
while the electrons and ions moving with the air molecules are produced by solar 
radiation and then recombined. The results obtained are quite satisfactory to 
account for the dependence of received scattered signal intensity on both frequency 
and scattering angle, at least concerning the daytime solar controlled scatter 


propagation in the E-region. 
1. Introduction 


Among the results of scatter experiments made by Bailey ef al. (1955), one of the 
most interesting is that of diurnal variation of received scattered electric field. 
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Fig. 1 Diurnal variation of signal intensity (at medium latitude) 
(after D.K. Bailey ef al.) 
f=49.80 Mc/s; D=1243km; Pt=30kw 
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Above figures show that the received scattered field has its remarkable maxirna_ 
at noon for the path mid-point located in the middle latitude. The fact is quite 
significant because those maxima occur when the solar radiation is great enough and 
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the ionization is enhanced through ion production by the sun. In this paper we will 
try a theory assuming that the air is subject to adiabatic change of pressure and the 
electric charges, frozen amid the tremendous number of air molecules, are constrained 
to move with them and at the same time undergo the processes of both being pro- 
duced by solar radiation and being neutralized through recombination between electrons 
and ions. We assume small perturbations on the air and electron densities. This 
treatment is equivalent to the so-called pressure theory proposed by Villars and 
Weisskopf (1954) except where special attention is paid to the above-mentioned chemical 
reactions. The scope of our discussions will necessarily be limited to E-region scattering, 
since there is at least some experimental data for it. 


2. Assumptions and Formulation 


The existence of the geomagnetic field should be taken into considerations; but, 
roughly speaking, only by such an existence of the geomagnetic field, a single charged 
particle is not influenced in its movement except in the deflection transverse to the 
magnetic field and the kinetic energy of the charged particle remains constant as was _ 
given initially. We want to see the multi-phased scattering phenomena only in energy 
relation and the effect of the geomagnetic field will be ignored. This amounts to the 
treatment of the turbulent motion as isotropic. Further, by the relation, which is 
valid throughout the ionosphere, »<A (v: kinematic viscosity ; 4: magnetic diffusivity), 
all the spontaneous electromagnetic fields will be neglected (Batchelor, 1951). Those 
assumptions make us possible to treat the electron density fluctuations hydrodynami- 
cally: in other words, the electrons embedded amid the air molecules are compressed 
or dilated in the same way and at the same rate as the air itself, but only suffer ion 
production and recombination during these processes. Besides, the air is supposed to 
be subject to adiabatic changes: the only point that distinguishes our theory from that 
made by Villars and Weisskopf (1954) is the effects of ion production and recombination. 

The ionosphere is made up of free electrons and the same number of ions and 
far more numerous air molecules. Concerning the quantities of these three constituents, 
subscripts e,i and will be used. For the electrons and ions, the following equations 


are respectively valid: 


Dy Phe = ej —¥Uni)s j=1, 2, 3) (1) 
a Dt® Ox; Ten (v J v ) G s 
oie +84 +. ae 7 (Bete) = MG On— Bee0:) > ( 2 ) 


Similar es aes for ions, 
where Yenl = PeMen(gr. cm~® sec~!)] represents the effect of electron-versus-neutral particles 
collisions, g(gr~!+sec™!) and A(gr~?+sec™'-cm*) ion production and effective recombination 
respectively. For other quantities, the use of notations is conventional. 
In view of the rapidly oscillating radio waves, we assume that the state of 
turbulence remains stationary; the above equations (1) and (2) yield the following 


complicated equation : 
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where the over-bars represent taking the average for a sufficiently long time and 
§;=x,'—x; (J=1, 2, 3). 
We define 


Obe=Pe—De y 
Opbe=pe—Pe, etc. 

In the above lengthy equation, several terms containing 2nd, 3rd and 4th order 
correlations appear. As in the case of multiple normal distribution, all the 3rd order 
correlations give very slight effects when compared with the contribution by the 2nd 
and 4th order correlation terms. And the 4th order terms can be expressed by 
summation of combinations of 2nd order terms with a good approximation (Chandr- 
asekhar, 1951; Tatsumi, 1957). 

As mentioned above, the electrons are supposed to flow without deviating from 
the flow of “Ly seaabehs numerous air molecules, so that 


= 
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a And. we assume solenoidal property on the air velocity Regarding both time and space 
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as being completely dissipated before they suffer due counterbalancing effect through 
recombination. Therefore, during several stages in the decay of turbulence, electron- 
ion encounters for recombination will have less direct influence on any correlation 
than quick ion production. Hence 


one a 


» Ox La qg:Op,+higher order terms. (7) 
10%; 


Thus, as the first step, we ignore the slow fluctuation by recombination except for 
the mean value £p,0; (~gp,), and utilizing all the assumptions so far mentioned and 
taking into account only the 2nd and 4th order correlations we have, from the 
equation (3), the following equation: 


[FO—Fn|ar'+{2 (FoF) —F'()}od +meqton=0, (8) 
where r= JEEPERS, 
FQ)= ve f(r) 


f(r): the only defining scalar function (p. 46, Batchelor, 1953; Chandrasekhar, 1951) 
of electronic velocity correlation (now, equivalent to that of the air velocity), 


Me=O(r)=Op00¢ , 
Vn = w,(7r) =0 PnO Pn’ , 


Oe = 


a @, etc. 
dr 


In the above derivation, we have assumed small perturbations on density fluctuations. 
Moreover, 
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function like @,, only the scale factor being such as to make @, contribute near r=90. 


{FoF }ac’+{2-(F(o)— -Fy))—F)for 
+ mFga,—Be@=0. (9) 
As the air is subjecc to adiabatic change, 
@,=a,(0) (1—x"), 
x=r/r, (normalized distance), } (10) 


so that 
®.=@,(0) (l—cx), c>1. (ll) 
And 


F(n)= 08 (1—x*8), (12) 


Equations (10) and (12) are well-known in the case of hydrodynamic turbulence 
with adiabatic change of pressure (p. 183, Batchelor, 1953). ®, in the equation (11) 
vanishes, when x becomes larger, far sooner than @, in the equation (10). 

Equations (9)~(12) result in a=8/3, for the type of solution 


@=,(0) (1—ax*) ; (13) 
ie. 

w,(x)=,(e) (l—ax), @>0. (4) 
The result corresponds. 0, it wax: Siiaaeaieesiease - 

r(k) cole, =—asy 


where — . eee) BREET 


a | a 


96 K. Magna, S. Kato and T. Tsupa 


[s=2=5.7 for frequency dependence , 


| aig es for scatiering-angle dependence. 


These values of s and m are quite satisfactory to explain the experimental fact for 
rather low frequency at noon or in the afternoon when the ion production is very 
pronounced. In Fig. 2 and Fig. 3, our theoretical results are compared with the 
experimental results obtained by D.K. Bailey et al. for the solar controlled E-layer 
scatter propagation (pp. 1196 and 1199, Bailey, 1955). The results (15) may not be a 
good approximation for very high frequency scattering whose radio wave length is 
nearly equal to or less than the dimension of the smallest eddy, which is believed to 
be of meter order. This is because the correlation function (14) or the spectrum 
function (15) cannot be expressed by such a simple power-law for the range near the 
smallest wave number. 
The scatter cross section is directly proportional to 6p/=w,(0). 

Suppose : 


|80n\/Pn=10-* 


fur the daytime and from the equation (7) on putting the divergence term zero, we 
have 
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so that 


i“¢@ 
— — dn =—3 etbe? OMe , 
2 aL n Ammon. One 


hence 
On =ON,,2+ C7 8Bmeminet 
6n,? for t=0 coincides with that given in i), te: 


énZ=4 x 10%e-§x10t  (m,=10%cm=* at night). 


Thus, if we set the origin ¢=0 at 1600 hours, then at 2000 hours, 5,2 diminishes by 3.5db 
below 6x,,2, thus continues decreasing by 3.5db every 4 hours. Similarly, when 


onZ=4 x 10%e-3x10" += (m,=5 x 10%cm~- at night), 


‘6n2 diminishes 18db every 4 hours. Thus we can explain the difference of 10~20db 
aa the received scattered power at noon and midnight. 
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Abstract 


Experimental studies have been carried out on the remanent magnetization 
generated by chemical reactions (which may properly be called chemical remanent 
magnetization or C.R.M. in abbreviation) for both natural and synthetic specimens. 
Remanent magnetization generated during two kinds of reaction processes, that 
is, reduction of a-Fe,O, to Fe,O, and oxidation of Fe,O, to maghemite is firstly 
examined (Part I). It may be safely concluded that the remanent magnetization 
thus generated has an intensity which is intermediate between isothermal remanent 
magnetization and thermo-remanent magnetization, and that its magnetic and 
thermal stability is similar to that of thermo-remanent magnetization, much higher 


than that of isothermal remanent magnetization. 4 

In Part Il, magnetic properties of several natural rocks and ore deposits : 
containing maghemite are systematically examined. These natural specimens 4 
can be classified into two groups with respect to the magnitude of Qn-ratio ; ; 
the one has large magnitude of remanence and large Qn-value amounting to 100, 
while Qn of the other is quite small. Greatest parts of natural remanent magneti- 3 


zation of the specimens having large Qn-value are attributable to the chemical 
remanent magnetization of maghemite, which is considered to result from oxidation 
of magnetite probably by weathering at nearly atmospheric temperature. On the 
other hand, the natural remanent magnetization of the specimens belonging to 
the second group with low Qn are found to be merely isothermal remanent 
magnetization. ae ee eee 2 ee from ‘the 
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over the world in recent several years. It is needless to say that, if we want to use 
the natural remanent magnetization of rocks in palaeomagnetism as a kind of fossil of 
geomagnetic field at the time of formation of the rocks, we must carefully examine 
the origin of the remanence and its change induced by some disturbing or modifying 
factors. 

Through the comprehensive studies by many investigators, it is well known that 
igneous rocks acquire their magnetic polarization during cooling from a temperature 
above the Curie temperature (T.R.M.) and sedimentary rocks become magnetized 
during deposition by statistical alignment of detrital ferromagnetic minerals along 
geomagnetic force. However, we have little knowledge about the origin of remanent 
magnetization of metamorphic rocks as well as some igneous and sedimentary rocks 
and ores, which were altered or weathered after their solidification from magma or 
deposition in lakes, rivers and the sea. Not a small number of examples seem to 
suggest that there would be some other mechanisms of production or appreciable 
modification of remanent magnetization in addition to the above-mentioned two 
processes. Therefore, complete studies of all possible origins of rock magnetism 
are highly necessary for the purpose of full interpretation of magnetization of rocks 
in situ. 

For example, Graham (1956) proposed to take the role of magnetostriction into 
consideration. D6dmen (1958) reported the existence of piezo-remanent magnetization 
from his high pressure experiments. It seems that the effect of pressure on remanent 
magnetization is very important in rock magnetism, as suggested by several inves- 
tigators (Nagata 1943, Kawai 1957). : 

Another important factor in rock magnetism is chemical change or recrystallization 
of ferromagnetic constituents during or after the formation of mother rocks. It may 
be supposed that such chemical processes may generate remanent magnetization under 
the influence of a magnetic field even at a temperature much below the Curie point, and 
that they may have some effects upon already existing remanence, if any. Koenigsberger 
(1938) and Nicholls (1955) pointed out such possibility mainly in sedimentary rocks, 
and occurrence of this type of remanent magnetization in nature was suggested by 
Nagata and Watanabe (1950) (cf. Part II of this article) for weathered gabbro in Japan, 
by Blackett for red sandstones in Great Britain (1956), by Doell for folded blue 
sandstones in U.S.A. (1956) and Martinez and Howell for chemical sediments in 
U.S.A. (1956). Since very little is known about the chemical change effect mentioned 
here, detailed examinations are highly desirable for the more precise understanding 
of rock magnetism. 

In recent years, the writer has engaged in this sort of research by using not only 
natural specimens but also artificially made samples. Quite independently of the 
writer, Haigh (1958) reported his experiments and discussion on this topics. Since 
his experiments are very similar to the writer’s experiments described in Part I of this 
article, his results will be discussed in comparing with the writer’s. 
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Part I. 
Experimental Studies of Generation of Remanent Magnetization by Chemical Changes. 


1-1. General Remarks. 
As a first step of an attempt to confirm the existence of chemical remanent 


magnetization and to make clear the physical mechanism of its formation, laboratory 
experiments were so planned that the remanent magnetization is generated by chemical 
changes under the known physico-chemical conditions. In these experiments careful 
attention was paid to obtain remanent magnetization of purely chemical origin, which 
does not include thermal influences and other confusing phenomena. 

Although it is desirable for chemical reaction to proceed at a temperature as low 
as possible compared with the Curie point of the specimen in order to avoid an 
influence of thermo-remanent magnetization, reaction rate is generally very slow at 
low temperature especially in solid phase. On the other hand, it seems that liquid 
phase reaction is more suitable for producing ferromagnetic deposition from the view- 
point of reaction rate. It was found, however, in the results of some trial experiments 
that the identification of reaction products with the aid of X-ray analysis is very difficult 
in this case, and that statistical alignment of magnetized particles under the effect of 
magnetic field during deposition is inevitable. 

In the present case, therefore, two kinds of reactions, that is, reduction of a-Fe,O, 
to Fe,O, and oxidation of Fe;0, are used. In the former case, a-Fe,O; powder is 
reduced to Fe,;O, in hydrogen gas atmosphere at 340°C or so for about twenty hours 
and, in the latter, Fe,O, is oxidized to maghemite at 270°C in oxvgen gas fiow. Non- 
chemical component of remanent magnetization is subtracted from the total remanence 
by assuming that chemical remanence and the other kinds of remanence are linearly 
superposed to each other. 


1-2. Generation of Remanent Magnetization by Change of o-Fe,O, to Fe,0,. 

About two grams of a-Fe,0O, powder of mean diameter of less than one micron 
are packed in a porcelain boat and are reduced at 340°C for 20 hours, sometimes at 
300°C for 28 hours and 270°C at 170 hours in hydrogen gas flow of about 300cc/hr 
supplied by Kipp’s apparatus, under the influence of a weak magnetic field. In case of 
experiments by Haigh (ibid.), it is reported that the transformation is completed 
within 1 hour at about 300°C. This rapid completion of reaction is possibly owing to 
the higher reduction power of the atmosphere or the finer size of hematite grains 
which he used. 

In the present, X-ray analyses with Norelco X-ray diffractometer were performed 
before and after the chemical reaction to confirm the completion of reaction. Crystal- 
lographic data thus obtained, grain size determined by an Akashi electron-microscope 
and magnetic constants of ¢-Fe,O; and Fe,Q, are shown in Table I. Grain size of the 
specimens seems to be unchangeable in spite of the change of chemical composition 
in this case. 

The mode of growth of magnetization of the specimen during the chemical reaction 
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able I. Magnetic and Crystallographic Properties of Ferromagnetic Minerals used 
in This Experiment. 
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0 100 200 300 ay 400 Oe 
Fig. 1. Intensity of various kinds of remanent magnetization of Fe,O, 
as dependent on applied magnetic field. 

—O— Ter,340°2,4(T 9) 
C.R.M. (Chemical remanent magnetization) generated at 340°C 
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@©  Ler2W0c.H(Ty), C.R.M. generated at 270°C 
vmmremme Toy 54000, H( 1 0)» =Lerss4000, H( 1 0) — 1.34000 A To) 
Real chemical remanent magnetization 
—x—T me a(T,) Total thermo-remanent magnetization 


—@— I,..3500¢, (To) 


process could not be followed in the present experiments. The remanent magnetization, 
being denoted by J.,,7,.(T>), could only be mezsured by an astatic magnetometer at 
room temperature after the suppression of the magnetic field and cooling in field-free 
space. Fig. 1 indicated the field dependence of chemical remanent magnetization thus 


generated, which is linear up to 40 Oe. 


Haigh (ibid.) followed the variation of magnetization during the change, but the 
growing process of chemical remanent magnetization could not be detected distinctly, 
as being covered by the increase of quantity of Fe,O,. The detailed investigations of 
this growth, however, seem to be important for the discussion of the mechanism of 


generation of chemical remanent magnetization. 
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After these measurements, this synthetic Fe;0, powder, sealed in a quartz tube 
evacuated to 10°*mm Hg in order to prevent oxidation, was kept at 340°C for 20 hours 
in magnetic field of intensity H, and then cooled to the room temperature in field- 
free space. Remanent Magnetization thus generated, denoted by J,,s400c,4(T»), is also 
shown in Fig. 1, together with total thermo-remanent magnetization IN AT.) of the 
same specimen, where 7, denotes the Curie temperature. Strictly speaking, J'.,,7,1,(To) 
=Lerpsn(T0)-l+7,n(To) must be used as a real chemical remanent magnetization, as being 
shown in the figure by a chain line, since J,,7,,,(T) is the same order of magnitude as 
Tey,7,(T9). As for the thermo-remanent magnetization IESATO, I, .7,.H(T ) is ignored, 
because Fy tet To) S17 sr To)- 

As shown by a triangle and a double circle in Fig. 1, the intensity of chemical 
remanent magnetization generated at 300°C and 270°C, J.,,300e¢100e(T0), Ders2700¢100e( 7 0) 
is nearly the same as J,,,340°,100e(7 0). It may be expected that the difference of these 
remanence becomes much smaller by using the values of real chemical remanent 
magnetization, because /,,349°¢1(T0) >I;,300°¢:#(T 0) >Ip,27000,n(T 0). This fact seems to 
indicate that the intensity of real chemical remanent magnetization is only dependent 
on the chracter of the reaction, but not on temperature in which the reaction proceeds. 


1-3. Thermo-chemical examination of the process. 

As the heat of reaction from Fe to a-Fe,O3, Fe to FesQ, and H, to H,O ag. is 
1740, 1580 and 34150 cal/gr respectively, the chemical change concerned here is exso- 
thermic reaction, the thermo-chemical equation being expressed by 

Fe,0;+H,=Fe;0,+ HO aq. +2.440 Cal. 
Therefore, even if the heat of reaction remains in the specimen and can not sc much 
transmitted to a porcelain boat (in fact, it will be not the case), temperature of the 
specimen would increase by only about 100°C at most, and would not cause noticeable 
influence. 

In this experiment the temperature of specimen was measured with a thermo. 
junction which was covered with a thin quartz tube and was set almost in contact 
with the upper side of the specimen. It can not be considered to happen that the 
specimen would be so locally heated that-the junction could not detect such local 
irregularities in temperature distribution, because thermal convection and conduction 
would be induced in the furnace. 


1-4. Magnetic and Thermal Stability 

Fig. 2 shows the behavior of various kinds of remanent magnetization in the 
demagnetization process by alternating magnetic field of f=50 c/s, 0~500 Oe, where 
ordinate gives the normalized intensity, i.e. Verrss0ces100e(11)/L'er 5402¢s1¢0e(H = 0) etc. 
Although demagnetization curve of chemical remanent magnetization is shown in the 
figure only for L'erss400100e(T 9), it was shown from the same kinds of experiments that 
chemical remanent magnetization generated at 270°C~340°C in applied magnetic field 
of 0.5~100e gives nearly the same demagnetization curve. It is remarkable in the 


figure that stability of chemical remanent magnetization against demagnetization by 
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0 100 200 300 400 500 Oe 
— HH (*%) 
Fig. 2. Demagnetization curves of remanent magnetization of Fe,O, by 
alternating magnetic field. 
—O— I'ers34000, (1), Real chemical remanent magnetization 


T F = s 
-©-- T,20.s0es(T); Totai thermo-remanent magetization 


***@=* J,,00,C,300e(7) Isothermal remanent magnetization 
~~O-~ Tpy3400€s100e(T 9) 


alternating magnetic field is quite similar to thermo-remanent magnetization i 0.50e( Ty) 
and is much higher than isothermal remanent magnetization [/,,.0°¢,300e(7T») and 
T,13400€,100e( 7 9)- 

In Fig. 3 thermal demagnetization curve of chemical remanent magnetization 
T'ers340°G)30e(7 0) iS Shown together with that of total thermo-remanent magnetization 
AH ,30e(T), isothermal remanent magnetization [,,200¢,2000e(Z0) and J;,s400c,200¢(T)- 
Remanence J,,3400c,4(7) has TRM character below the heat treatment temperature 
340°C and has IRM nature between 340°C and the Curie point. This may be understood 
by considering the physical meaning of T,,3400c,n(1 0); the specimen is magnetized 
isothermally at temperature 340°C in the same manner as generation of the ordinary 
isothermal remanent magnetization and then is frozen by cooling to room temperature 
in field-free space. It is also confirmed from the figure that chemical remanent 
magnetization is extremely stable compared with isothermal remanent magnetization 
and changes with temperature in almost the same manner as_thermo-remanent 


magnetization. = 
In recent years systematic studies of stability of thermo-remanent magnetization, 
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Normalized Scale 


a) 100 200 300 400 500__ 600 c 


Fig. 3. Thermal variation of remanent magnetization of Fe,O, 
—O— I'or,3490C,30e(7 9), Real chemical remanent magnetization 


“@= Ve a0 To), Total thermo-remanent magnetization 

=="@=-"" J;,,290C,2900e(7 9), Isothermal remanent magnetization 

~~ O-~ Ty534¢0Cs200e(T 9), 
isothermol remanent magnetization and ideal or anhysteretic magnetization was 
reported by Thellier and Rimbert (1954, 1955), Rimbert (1956 a, b, 1958), Petrova 
(1957) and Petrova and Pospelova (1957). It was shown in their investigation that 
isothermal remanent magnetization becomes more stable according as the magnitude 
of J, increases, while stability of thermo-remanent magnetization becomes a little lower 
or remains almost constant according to the increase of J,, and that thermo-remanent 
magnetization is much more stable than isothermal remanent magnetization for small 
magnitude of /, far from saturation one. Comparison of stability of various kinds of 
remanence against heating was examined with similar results by Petrova (ibid.) and 
Petrova and Pospelova (ibid.). 

Since such difference of stability is considered to depend essentially on the mech- 
anism of generation of the remanence, as suggested by the above authors, it may be 
concluded in the present experiments that chemical remanent magnetization is generated 
through the mechanism which resembles that of thermo-remanent magnetization. 


1-5. Oxidation of FesO0, and Chemical Remanent Magnetization 

Synthetic Fe,O,, being packed in a porcelain or quartz boat, is heated at about 
270°C in space of about 10-2mm Hg in air pressure and then oxygen gas is poured 
into the furnace, being kept at the temperature within fluctuation of about 20°C ina 
magnetic field. Chemical reaction seems to be completed within several minutes in 
this case. X-ray analyses for the oxidation products were carried out with Norelco 
X-ray diffractometer. It is shown from the examinations that nearly 10 percent of 
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a-Fe,O, is generally contained in the oxidation products. The lattice constant of ferri- 
magnetic component having cubic spinel structure in the specimens is altered to a= 
8.34~8.35A, corresponding to that of solid solution between Fe,O, and y-Fe,Os. 

Intensity of remanent magnetization is measured by means of ballistic method, 
increasing proportionally with the applied magnetic field up to 40 Oe. The gradient 
Ter,270°¢,n(T0)/H is calculated to be about 0.18 per unit mass of total products, being 
nearly twice as the magnitude of J,,,340°¢,(T')/H =0.10 for chemical remanent magneti- 
zation by the reduction from a-Fe,Q; to Fe,O,. Intensity of total thermo-remanent 
magnetization can not be determined in the present case, bec2use it is inevitable that 
large quantity of maghemite in the specimen is oxidized further and inverts to a-Fe,O 
at the neighbourhood of the Curie point. 

Stability of the chemical remanent magnetization against demagnetization by 
alternating magnetic field is examined in the same manner as mentioned in section 
1-4, and compared with that of Le pine Tp) and J,5579°3,3000e( 79) of the specimen (Fig. 4). 
For 17 n100e( To) of maghemite, thermo-remanent magnetization of remaining parts of 
maghemite which were free from inversion is used, the dispersion effect by o-Fe;O, 
being neglected in the process of demagnetization. General tendency that the demagne- 
tization curves of the specimen are a little steeper than those of the specimen in 
Fig. 2 seems to be due to the smaller magnitude of coercive force (H.=90 Oe) of this 
maghemite. (cf. Table 1, H.=218 Oe for synthetic Fe,0,). It may be also concluded, 


therefore, that chemical remanent magnetization generated by change from Fe,Q, to 
maghemite is really stable one. 
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Fig. 4. Demagnetization curves of remanent magnetization of synthetic 
maghemite by alternating magnetic field. 
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Part II. 


Natural Remanent Magnetization of Some Rocks and Ore Deposits 
as Typical Examples of Chemical Remanent Magnetization. 


2-1. Natural Occurrences of Maghemite and Its Remanent Magnetization. 

Possibility of causation of chemical remanent magnetization in case of weathered 
gabbro has been suggested by Nagata (1953) with some reasonable evidences that their 
remanent magnetization is mostly due to chemical process. This is the only case in 
which practical evidences were shown, though many authors have pointed out possibility 
of production of chemical remanence in sedimentary rocks. 

In order to examine such a case in more detail, the specimens shown in table II 
were collected with the aid of H. Imai of Department of Mining Engineering, 
Tokyo University (No. 1, 2, 3), T. Saité of Geological Survey of Japan (No. 4) and 
G. Shibuya of Yamaguchi University (No. 5,6). Specific intensity of natural remanent 
magnetization Jn, Initial susceptibility z. and the value of Qn of these specimens are 
listed in this table, where Qn denotes the ratio of Jn to the intensity of induced 
magnetization by earth’s magnetic field Fy (Fy is about 0.45 Oe in Japan), ie. 


= In - In 
oly 0.45% 


It is the most interesting character that these specimens can be distinctly classified 
Gnto two groups according to their magnitudes of Qn, in spite of the variety in their 
intensity of remanence. The magnitude of Qz of the one group (No. 1,2,3,5) is nearly 
100. This value is remarkably large, considering that Qu amounts to 2~10 in general 
~ eruptive rocks except in some basaltie- eruptive rocks and that it takes the smaller 
value in ordinary ores and other types of rocks. On the other hand, the magnitude 
of Qn of the er group ee 46) is in order of tea of is nn nea one 
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i ini i cf. le II 
Plate. Photo-micrographs of polished surfaces of maghemite-containing specimens (cf. Tab ) 
white; maghemite, grey; magnetite, dark; limonite 


No. 1, Lodestone, Magnet Plate 2. Specimen No. 2, Gabbro, Kamaishi, 


Plate 1. Specimen . 
: under oil immersion. //; ilmenite. x 1800 


Cove, under oil immersion. x 2200 


Plate 3. Specimen No. 3, Skarn Type Iron Ore Plate 4. Specimen No. 4, Quartz Porphyrite, 
Taishi Mine, under oil immersion. x 1600 Kurosawa. Si; silicate minerals. x 140 


Deposit, 


Plate 5. Specimen No. 5, Iron Ore Deposit, Plate 6. Specimen No. 6, Iron Ore Sapceik. 
Kumano Mine (1), under oil immersion. x 1400 Kumano Mine (iI), under oil immersion, 
brightest ; hematite. x 1250 


by some authors in several localities in the world. The veinlets of maghemite 
closely related to the strong magnetization were found by Newhouse and Glass (ibid.) 


and Imai (1951). = 
Imai pointed out that such veinlets of maghemite are found at the surface of the 
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outcrops of deposits and rocks containing magnetite. The intensity of natural remanent 
magnetization of such specimens is not uniform and generally differs from place to place 


Fig. 5. Thermal variation of natural remanent magnetization and thermo-remanent magnetization 
formed after geomagnetic field cooling of maghemite-containing specimens. 
Rate of heating==200°C/hr. Heated in air. 
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Fig. 5, (5). Specimen No. 5, Kumano Mine (1), Fig. 5, (6). Specimen No. 6, Kumano Mine (2), 


even in one hand-block, as Nagata classified the gabbro at Kamaishi (No. 2 in table II) 
into the magnetic gabbro and ordinary one. This non-uniformity was also considered 
to be due to heterogeneous distribution of this type of maghemite. 

Maghemite ore occurring at Kumano Mine in Western Japan was studied by Shibuya 
(1958). He suggested that the specimens having intense remanence occurs chiefly in 
the outer layer of the ore mass or along faulting plane. These facts seem to show 
that maghemite belonging to group I is formed by weathering, while the oxidation of 
minerals in group II is due to the influence of hydrothermal solution. At least, it may 
be surely concluded that the process of generation of maghemite of two groups is 
much different. 

The situation that the maghemite component has an important bearing upon the 
natural remanent magnetization of the specimens is directly shown by the thermal 
decay curves of Jn and Jr, of each specimens (Fig. 5, (1) (2) (3) (4) (5) (6)), where Jr; 
indicates intensity of thermo-remanent magnetization formed after geomagnetic field cool- 
ing from the temperature of nearly 700°C. The magnitude of Jr, is very small compared 
with that of Jz nearly at the atmospheric temperature, as also shown in Table II in 
It. 

XoFo ; 

As shown in the figures, the natural remanent magnetization of the specimens 
decreases abruptly to a very small value at various temperatures generally much below 
the Curie temperature of magnetite. It is remarkable in the decay curves of the 
specimen No. 2 that J/n(T) is quite coincident with J7,(7) at temperatures higher than 
about 300°C notwithstanding Jn(T»)>Jp-(To). Since it is well-known that maghemite 


the term of Q;= 
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is metastable and, on heating, it inverts monotropically to g-Fe,O; at a temperature, 
variously quoted from 200 to 700°C (Nicholls, ibid.), it would be naturally deduced that 
most parts of /m(7T)) are due to maghemite and the small remaining parts are thermo- 
remanent magnetization of magnetite. 


ct) According to Akimoto and Suzuoki 
r{t=o : 3 
10 (Personal Communication), who 


examined the time decrease of natural 
remanent magnetization of No. 2 speci- 
men at various temperatures, rate of 
the inversion of maghemite is so rapid 


(Fig. 6) that it would be impossible to 


heat such specimens above their Curie 
temperature without destroying the 
crystal structure of maghemite con- 
tained in them. Therefore, it would 
be concluded that most parts of 


0.0 natural remanent magnetization of 


ty) 10 20 30 40 50 Min 
ime these specimens are not the thermo- 


Fig. 6. Time decrease of natural remanent magneti- yemanent magnetization. 
zation of specimen No. 2 at various temperature, : 
showing the rate of inversion of maghemite contained. These circumstances seem to 


(after Akimoto and Suzuoki) show that natural remanent magneti- 
zation of veinlets of maghemite contained in the specimens with high Q-value is due 
to chemical remanent magnetization generated at nearly atmospheric temperature. It 
seems likely, on the other hand, that the isothermal remanent magnetization plays 
an important role in the specimens of group II distinguished by the feeble and unstable 
remanence and low Q-value. 


2-2. Interpretation of the results of microscopic, crystallographic, chemical and thermo- 
magnetic analyses. 
a). Volumetric investigation of maghemite 
From the microscopic observation of polished surface, we may estimate the content 
of maghemite relative to other minerals contained in the specimen. A photo-micrograph 
of polished surface of the specimen No. 1, Lodestone of Magnet Cove, in which the 
distribution of maghemite is rather homogeneous, was divided by fine meshes into 153 
x 108 squares so as to make each square correspond to any one of the three kinds of 
minerals, i.e. magnetite, maghemite and limonite. The relative content of each mineral 
was determined by counting the numbers of corresponding squares, the results being 
summarized as follows. 
magnetite 50.7 % 
maghemite 12.1 % 
limonite 37.2 26 
The maghemite percentage to the total ferromagnetic constituents (magnetite and 
maghemite in this case) is, therefore, calculated to be 19.3 7%. 
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Table III. Chemical Compass of Stee Minerals in bg geet containing SESS ys. 


in eoarit % in sal % 

Specimen No. = —— ——$$$_$______—_— —_—— 
| Fe,0+FeO| Fe,0, | FeO TiO, Fe,0, Feo | TiO, 
ana ee : +TiO, _ ee et id Sl ce on he 

“1. | Magnet Cove | 97.93 | 73.47 | 24.46 | trace | 57.48 | 42.52 | 0.0 
we | Kurosawa Mine 86.39 af | 14.78 J 9.27 - | 54.82 | 28.89 | 16.29 


62.34 | 


b). Chemica Analysis 
As to the specimens No. 1 (Magnet Cove) and No. 4 (Kurosawa), chemical analysis 


was carried out by T. Katsura of Tokyo Institute of Technology on the ferromagnetic 
constituents separated from the original ores and rocks. Limonite which occasionally 
contaminatesthe ferromagnetic constituents was washed out in dilute HCI solution 
before chemical analysis. The results are given in Table IlI. A. relative content of 
maghemite in Magnet Cove specimen (No. 1) can be determined from the chemical 
analysis to be 19.53%, if the stoichiometric composition was assumed for magnetite 
(Fe,O,) and maghemite (y-Fe,O3) in the specimen. 

An average chemical composition of the specimen of Kurosawa (No. 4) is situated 
in the Fe,0,-Fe,0;-FeTiO, compositional field on the FeO-Fe,0;-TiO, ternary system. 
Since co-existence of the maghemite and magnetite in the specimen was found from 
the microscopic observation (Plate 4), the maghemite phase (strictly speaking 
titanomaghemite) in the specimen is expected to possess the chemical composition 
more close to the FeTiO,-Fe,O; join cn the ternary system. It must be noted here, 
however, that the accurate chemical composition of both the titanomaghemite and the 
original titanomagnetite can not be determined until the precise knowledge on the 
crystallographic and magnetic properties of the specimen is obtained. 

c). X-ray analysis 

The lattice parameters of all the specimens were determined by means of the 
Norelco X-ray diffractometer. The results are also summarized in Table II. The 
diffraction charts of the specimens of group I except No. 5 (Kumano) do not show 
the peaks peculiar to maghemite but merely show the peaks corresponding to ordinary 
magnetite. This seems to be due to the bad crystallization of maghemite contained 
in the specimens. As to the specimens from Kumano mine (No. 5, 6), the co-existence 
of the maghemite with various degree of oxidation was inferred from the broad peaks 
in the diffraction chart. Shibuya (ibid.) reported the specimens with a unit cell 
dimension ranging from 8.344+0.003A to 8.38640.001A. A pair of lattice parameters 
(a,=8.386A and a,=8.353A) was obtained in the present examination from the diffrac- 
tion chart of the Kurosawa specimen belonging to the group II. The relative content 
of the @,-component to @,-component in the specimen was also estimated to be about 
0.65 from the careful examination of the intensity of the diffraction peak. 

d). Thermo-magnetic analysis ; 

Fig. 7 ((1), (2), (3), (4), (5), (6)) shows the thermo-magnetic curves of the specimens 
measured in vacuum by means of a thermo-magnetic balance (Akimoto, 1954). 
Each curve shows a distinct irreversible change of magnetization corresponding to 
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Fig. 7. Thermo-magnetic curves of maghemite-containing specimens. 
Heating rate+-200° C/hr 
Ts 
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Fig. 7. (1). Specimen No. 1, Magnet Cove, Fig. 7, (2). Specimen No. 2, Kamaishi, H=2100 Oe, 
H=2200 Oe, in vac. of 10-’mm Hg in vac. of 10-°’mm Hg 
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the inversion of maghemite. Inversion temperature of maghemite, also listed in 
Table II, is read from Fig. 7 as a point where the inversion is almost finished. Provided 
that the influence of oxidation or reduction of the minerals during the thermo-magnetic 
measurement is negligible, an irreversible part of the thermo-magnetic curve, /,'""(To) 
can be regarded as a magnetization of maghemite phase. When the applied field is 
sufficiently strong to saturate the specimen, we may write 


PET) ee ae 
17(To) (1—s)o.™ 


where s denotes the weight percentage of maghemite to total magnetic minerals, and 
o,* and o,”" are the saturation magnetization of magnetite and maghemite at the 
room temperature, being given numerically as 92 e.m.u/gr. and 83.5e.m.u/gr. respectively. 
The maghemite percentage s calculated from this formula is listed in Table II. 

There will be seen that the maghemite content of the Magnet Cove specimen 
determined independently from three kinds of measurements, i.e. volumetry, chemical 
analysis, thermo-magnetic curve, agrees well with one another. From this evidence we 
may conclude that the veinlets observed in the Magnet Cove specimen should be 
described as 7-Fe,O3. This may also indicate that the thermo-magnetic analysis generally 
give a useful information on the constitution of ferromagnetic minerals. 

By using the s-values we may calculate Qn™"-ratio relating to maghemite alone: 


wi EMT) 
oe aA Tal Be 

where %¥"(T)) is replaced by s+x(To) in the present case. The magnitude of this 
value listed in Table II shows that natural remanent magnetization of maghemitc of 
the group I is considerably large compared with the magnitude of thermo-remanent 
magnetization, since the ordinary Q,-value of the synthetic magnetite is 2~7 (Uyeda, 
1958). This high Q,¥*-value is not attributable only to high coercive force of 
maghemite in very fine size. Some unknown mechanism producing such intense 


remanent magnetization must be considered for interpreting the above results. 


Discussion and Conclusion 


From the results described in this paper, it would be safely concluded that the 
remanent magnetization, of which stability is similar to that of thermo-remanent 
magnetization, is generated in nature as well as in synthetic specimens by chemical 
reaction below the Curie temperature under the influence of a magnetic field. This fact 
suggests that the mechanism of generation of chemical remanent magnetization and 
thermo-remanent magnetization is somewhat of the same nature. It seems, therefore, 
that Haigh’s application of Néel’s single-domain grain theory to this process would be 
successful. 

The present investigations show, however, that the intensity of chemical remanent 
magnetization is much varied in different cases. Among the natural maghemite 
specimens there are two kinds of specimens having quite different magnitude of 
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remanence. Intense remanent magnetization of the first group characterized by the 


higher Qn-value is considered to be the most typical example of the chemical remanent 
magnetization in nature. But the specimens belonging to the second group of the 
lower Qx have really no chemical remanent magnetization, as is easily understood 
from the mode of the thermal variation of the remanence (see Fig. 5 (4)(6)), which 
indicates the typical mode of the thermal decrease of isothermal remanent magnetiza- 
tion. The thermo-remanent magnetization of the original magnetite seems to have 
been completely destroyed through the chemical reaction in this case. Systematic study 
of such a weak and unstable remanent magnetization of the chemically altered rocks 
was recently carried out by Akimoto and Kushiro (1959), with special reference to the 
scattered remanent magnetization of rocks. 

The chemical remanent magnetization generated artificially in laboratory experi- 
ments is generally smaller than the thermo-remanent magnetization by one order of 
magnitude and greater than isothermal remanent magnetization, as has been described 
in Part I of this article. From the results described in Part II showing that the difference 
in the natural remanent magnetization of maghemite corresponds to the difference in the 
mechanism of generation of maghemite, it would be naturally expected that such a 
noticeable variety of magnitude of the chemical remanent magnetization of both 
synthetic and natural specimens is due to the difference in precipitation process of 
the reaction products, possibly results from the difference in the process of nucleation 
of the ferromagnetic products. For interpretation of these circumstances, detailed 
examinations of growing process of chemical remanent magnetization and systematic 
study of generation of remanence by various kinds of chemical changes are now 
undertaken. 
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A Method for Obtaining the Atmospheric Temperature 
and Wind from Sound Propagation in the Rocket Sounding 


By Yoshio TaKEYA and Takaaki OkUMOTO 
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Abstract 


In this paper an attempt is made to determine the atmospheric temperature 
and wind velocity at high altitude from sound propagation. 

The space to be measured is divided into several layers, in each of which 
the temperature and wind distributions are assumed to take the form of second 
order equation with height. In this assumption the formulae to deduce the tem- 
perature and the wind are given by use of Snell’s law for sound propagation 
under the existence of wind. 

As the results involve hyperelliptic integrals, it is difficult to get explicitly 
the quantities giving the distributions of temperature and wind velocity. But it 
will be possible to find the numerical values of the required quantities by numerical 
calculus of integral. 

It is shown that the results are determined uniquely, in general, and that in 


the simple case, too, for explaning this theory and using practically. 


1. Introdnction 


The sound source is the explosion of grenade, which is ejected out from a high- 
altitude rocket at a pre-determined time. It is measured for the location and time of 
grenade explosion, and for the time of arrival of sound from it, at several receiving points 
by Sound Ranging Set on the ground. Temperature and wind velocity vector are deduced 
from these observations, by the present method described below which is a further 
developement of the path trace method first given by Gutenberg (1951). 


2, Snell’s law at receiving points 


a) In case of receiving points laying on horizontal plane 
Consider the coordinate O-x'y’z’ shown in Fig. 1, where O, A and B are the three 


points of receiving sound. And we define 
OA=Sy’, 
OB=Sy’. 
If the sound wave is plane, sound velocities v, and v,’ along the x’- and y’- axes 
are given by 
(118) 
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v,'=W,+ ha 


sinicos¢g ’ 
Wave front Vy! = Wy + of sis Ci} 
sinising’ 
Wave 
normal 


x where W, and W, are the x’- and 
y’-components of the wind velocity 
at ground, i and ¢ are the incident 
angle and the azimuth of wave normal 
of sound respectively, and C is the 
sound velocity. And assume that the 
wind has no component with altitude, 
i.e. W,=O. It is well-known that 


O Wx’ Sh xX sound velocity C is 
x = 3 
. = sf be [7R6 , (2) | 
; 3 a . . 
Wave front 4 
where ; 
y=the ratio of the specific heats | 
‘Wave \__ p=atmospheric pressure, 
normal Ke 
ae , o=atmospheric dencity, 
Fig. 1 Diagram showing the coordinates and and m=molecular weight. : 
wave in case 2-a. | : 3 F P 
- ae a> Corresponding to dry air of ground . 
level composition, Eq. (2) is STtAes 
— sist: C?=(20.06)20 , [A 1G eg He is. 47 ree +: 
* a — a aa = ee ee cae te ae paste 
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pee te | 6 
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Denote the time differences of sound arriving at points O and A, and O and B 
with 4t, and.4t;. Eq. (6) rewrite 


tang=S2*4te | 
Sy? Mt, 
nalsne er) 
y= Sz Sy 5 J 
J (Sz! Aty)? + (Sy? Mt)? 


The direction of x-axis (vy) and the constant &, are obtained from Eq. (7) with 
observations at ground. 


b) In general case 
The location of receiving point M,; is (x;,¥,,2;) in coordinate O-x’y’z’ and M, is 
O(0, 0, 0,) 
Now, the equation of wave front take the form as 
lx+-my+nz=pd (8) 


then, at each receiving points 


Ixj;+my;+nzj=p4; ’ (j=1, 2; 3) } ( 9 ) 


P4+mt+n=1, 


where 4; is the difference of time arrival of sound wave front between M, and Mj; as 
shown Fig. 2, (/m,n) is direction cosine of wave normal, and p is 


p=C+lWetmWy.  < -—— — oo) 
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And Ro is 


tang=™=|2 4 21 (13) 
ee Te 
Cc _ C+lWy+mWy p : 
ie sint a J/ 1-7? J P+m 


From Eggs. (11), (12) and (14) 


ae ee. 15 
; |\4yzP+|x 42 (15) 


c) In the case of having many receiving points 
In case of (b), it is necessary for receiving points to have four, theoretically. But, 


as wave front is not plane owing to the local disturbance of air, it is seen that four 
receiving points are not sufficient. 


Therefore, consider the case of j (j>4) receiving points. Using method of least 


square, Eq. (11) become 


2x54; DE 7571 2% 523 
Zyj4; Sy Lyyjzj 
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T=( at=(. 1. az 19 
\, \ Ccosi O) 

a) In case of constant distributions of temperature and wind velocities 

Assume the constant distributions of temperature and wind velocities. Or, for the 
calculation of roughly approximated solution, for example, the constants are mean 
values in a range of the altitude, which is under consideration now. As it is 


c2=é 
W.=7, | (20) 
Wy=¢ ’ 

then, Eqs. (18) and (19) are as follows 


E+kon—7 
meres E J (ko—7)*— ne ees 
= (Ro— ne 2 
a Ee sf ee oe il coe 
P= (Ro—7) é 
VE VS (o—7)—F 


5) Jn case of linear distributions 
In case of temperature and wind velocities are linear with altitude as follows 
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j = (ay t+kobo—bo®) + (a1 + hon — 2b00)2z +E — 7°)2* dz, 

0 S 

Hea (ko —bo)cot [(Ro—b0)§ — Con] 2— 762" dz, (24) 
SS) 


0 


Te * (Ro—bo) — 02° dz. 
j Ss x 


x= 


where 
S=(Qtaz+ 2)" (obo)? —ay— {2(eo~bo)1 + a,}z —(€- wet} . 


c) In case of second order distributions 

When the sound sources are many, it is able to use of constant or linear distri- 
butions, for the results of calculation of Eqs. (18) are suitable accuracy. But when 
sound sources are few and have large intervals of altitude, it takes second order 
distributions, for getting more accurate approximation. Then, assume the following 


distributions 
C?=ayt+a,z+€2?, 
W,=bot+b,z+727, (25) ‘ 
Wy=cCcotce,z+2’, { 
where @,,b,,c, are known constant as described next section. From Egs. (18) and (25), 3 
the path equation of sound is 
7 
“4 


BS (G+ Robo — bo?) + (as + Robs — 2bob,)z + — 4909 — 0) a 
0 Ss : 
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C= dy =A i(Z — 2-1) +E(z—2-1)*, 
W=boit b1(Z—2i-1) + 4(z— 24-1)” ; 
Wy=Corteyi(z—2,_-1) +C(z—2;_1)? : 


The following quantities in S; layer are 
given by the known value in S;_, layer 


such as 
Qo, =C*(2;-1), 
bo = Wl 2i-1) 5 
Cou= W,(z:i-1), (27) 
Roi=Ro . 


And G,_\(X%4-1, ¥i-1,Z;-1') is the posi- 
tion at the altitude z;_, in the sound path 
fromG to O, as shown in Fig. 3 and 7’,_, 
is the time spent for travel from G’;_, 
to O. 

Now assume the gradients of tem- 
perature and wind velocities are con- 
tinuous at the boundary (z;_,) of S; and 


ground Si-1, in case of 3-c, 
Fig. 3 Diagram showing G’s and G’;_, and the path [fee] = lees (26) 
of sound from G; to O. Oz 1z=2-1 Oz Jz=z 
then, this is 
@ =A, G-1) + 2@2¢4-1)* (2-1 —Zi-2) 5 
bys=0 14-1) + 202G-1)* (2-1 — 2-2) 5 (29) 


Cus=C 164-1) + 2CgG-1)* (Zi-1 — 2-2) - 


Eqs. (18) are given as the function of ¢, 7 and ¢ as follows, provided that the lower 
boundary of integrals is z;-, instead of zero, 


Xi—X%4-1=X(E,7) 5 
Y;,- Y":-1= Y(é,,¢) , 
Zi—211=Z, 
Ti—T'i-1=T(E.,7,¢), 


(30) 


in each case of 3-a, -b and -c, &, 7 and ¢ are detemind simultaneously from X,Y and 
T of Eqs. (30). The other required quantities for determining the distributions of S$; 
layer, have been known by Egs. (27) and (29) with those of S;_, layer. And the tem- 
perature is deduced from C? by Eq. (3). Thus, the temperature and the wind in S; 
layer are uniquely determined with those in S,_, layer. 

As it is treated the lowest layer as S,, in which it is always able to measure for 
temperature and wind velocity by Radio-zonde between 0km and about 30km in 
altitude, the temperature and the wind in upper layer above S, are able to calculate 
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by abovementioned method, successively. 
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LETTERS TO THE EDITORS 


lonospheric Radio Wave Scattering in the Electro- 
dynamically Controlled Turbulence 


(Received March 1, 1959) 


As is well-known, the physical quantity which plays the most important role in the 
ionospheric radio wave scattering is electron density fluctuations, since they are directly 
related to the fluctuations in dielectric constant. The most outstanding feature of the 
problem is that there are fields applied from outside that affects the weakly ionized 
gas: namely, the electrostatic field #, and the terrestrial magnetic field H,. We want 
to know the behavior of electric charges which is drastically controlled by the existing 
applied electromagnetic fields H, and H,: therefore, we cannot assume any isotropy 
on the statistical distributions of variable quantities, such as electron or ion density, 
electron or ion mass velocity, polarization electric fields and others. 

As for what feeds a sizable amount of energy to the ionospheric turbulence in 
question, it is beyond all surmise: all the same, we can mention some possiblities. 
One is that the ionospheric Reynolds number being great enough, the air is very liable 
to initiate an unstable state, thus giving out part of its turbulence energy to electronic 
and ionic gases through collisions. This is the case in which the onset of turbulence 
in electronic or ionic gas is brought about by the hydrodynamic turbulence of the air. 
Another possibility is that any electromagnetic disturbance can influence the behavior 
of electric charges, such effect being almost independent of the hydrodynamic motion 
of the air. Thus, the electronic gas can turn into a turbulent state, for example, by 


some magnetic disturbance. The actual cases are probably between these two extremes: 


we can name the former the “hydrodynamically controlled turbulence”, the latter the — 
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configuration of A, and Al. The air molecules can influence the behavior of charges 
solely through collisions. We define: 

dear) =[riae™™ re 
BaP at) =leueie™ae, 
Baden = |adwe™de, 
dn End) =| lwde™aee, 
5m, = M(t) — Me, On = MNT) — Me, 
where the prime indicates the quantities at another point separated by the distance r- 
Integrations in the above formulae are over all «© space. 
If we assume ) 
rt) The stete of turbulence remains stationary ; : 
ii) The 4th order correlation can be broken up into combinations of 2nd order 
correlation, i.e. 
Onde En n= on dn! EE nt In Ey dn! Ey in En dnt Ey (3) 
and the 3rd order correlation is negligible when compared with any 2nd 
or 4th order correlation ; 
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v) Eq. (6) reduces to the following type of equation: 
D3 jK,0;,=0 ; 
7.2 ( 9 ) 
this ®;, may be approximated by the general expression for 2nd order 
correlation tensor which is known in the isotropic case, as, 


Oj,=O(n)(«°d;,—xjx,), (6;,: Kronecker’s delta) ; 


vi) «> (42)"| Sjx|| Smite? for the ordinary ionospheric irregularity ; 
Vii) We overlook cross terms f; and f’,,. 
All these assumptions result in 


K2A20(0,K2,0)= A oor (0,K2,0) , 


fe 1(«,,0.0) = A117(;,0,0) , 
&3°@33(0,0,«3) = Ag37(0,0,45) , (10) 


where 
3 
Ajj=(Anc)238j28jmEoxE om (11) 


and 0 wave number means a wave number much smaller than the wave number which 
contains appreciable amount of energy. To determine «a,,(«,,0,0), etc., we further 
assume 
Vili) Random current flow distribution is established in order to bring the 
random ohmic losses in the three rectangular directions into equipartition. 
And the neglect of the Hall current loss results in 


= foss() de=o,\022(K) di = 6 \ 0 5(16)de6 (12) 


where the contribution to the integrals is mainly made by the energy 
containing wave number ky; 0) and o, are the conductivity parallel and 
transverse to Hy respectively. 

ix) In the ionosphere, the gas by itself seems least likely to produce either 
hydromagnetic oscillations or electromagnetic waves, so that we may think 
that electrostatic oscillations are dominant, then @,,, a. and a3; should be 
directly given by «,, «, and «, respectively. 

We know from eg. (5) and (6) and assumptions (v)~(vii), the @;,’s should obey 

«~3.law and finally 


7 (K1,K2)K3)=7(K1,0,0) = 7(0,42,0) aie 7(0,0,«3) 
tb wd, aed (13) 
Ayo, A201 K2 Ag3d0 Ks 
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where A,;, As and A33 are given in eq. (11) and Ky=(Ko1, Kos, Kos) iS the energy- 
containing wave number. Therefore, when electromagnetic disturbances initially supply 
the turbulence energy over the same distance, i.e., at the wave number 
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then the ratio 
(Aye: (Agee) Asse) 


gives the direct measure for the anisotropic energy partition under the influence of the 


geomagnetic field and the electric field applied from outside. 
(In the case where either E,+=0 or E,''=0 (see Fig. 2), the derivation so far carried 


out is not appropriate, since for such cases we cannot neglect the nonlinear terms in 


eq. (6). 
We shall give some numerical examples for the case of E-region at 90 km level. 


When radio frequency is much higher than electron gyrofrequency, the scattering 
cross section « is proportional to 7(#), i.e. 


oxcy(k), K=K)—K, (See Fig. 3) 


By the coordinates shown in Fig. 2, the wave number component £; has quite a 
small fluctuation intensity. This implies that & should be chosen so that it may have 


a: ¥(0,0, %3) =K 
bs (0, %,°) = K 
| +2 T(%),0 20) =K 


ee 
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Fig. 3 Scatter propation path 
less component of «;. Furthermore, because of the existence of the electric field E,, 
w should be chosen in such a way that '\K, >/K,. This means that « should be directed 
| perpendicular to H,, and parallel to E,. Then the scatter propagation will be perfor- 
med with less loss of power and with more efficiency. Thus, according to the direction 
of K (i.e. choice of the propagation path), the scattered received field will change by 
20~50db, so therefore, the study of electrodynamic turbulence is quite important in 
view of practical use. 
By K. Maepa, S. Kato and T. Tsupa 
Department of Electronics. Kyoto University 
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Provisional Report of Observations of Geomagnetic Variations 
at Aso and Kikai (one of the Amami Islands), 
during the Solar Eclipse of April 19th, 1958 


(Received March 15, 1968) 


1. General Description 


To investigate the effects on geomagnetic variations due to the solar eclipse of 
April 19th, 1958, we set up a temporary station at Kikai island in addition to the Aso 
Magnetic Observatory (one of the IGY stations im Japan). The former is situated at 
the southern end of annular eclipse zone, and the latter near by the northern end of 


that zone. | 
The conditions of the eclipse were as follows - . 
Beginning of the eclipse: 10° 06™ 10° 53™ 
Maximum of the eclipse: 12* 24™ 12° 47" 
Ending of the eclipse: 14° 43™ 14 49" 
Degree of the eclipse = 3% 948% 
2 Special Remarks om the Kikai Temparmry Station 
Geographic position of the Kikai temporary station was 2s follows: :* a = 


Latitude:  § 28°19.0N 

Longitude: 129°57.0E 
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ee eee 
Time H | D Z 
Bete | ee a 7 ea eae, eT | ASO | RRA 
31590y+... | 34211y+... | w5°070+... | w3°56'1+...| 344007 +... | 284707 +... 
et oe PS eR 
15 00 112 73 18.8 12.8 36 52 
10 112 72 18.0 12.3 37 50 
20 113 71 17.6 11.8 38 49 
30 118 74 17.3 11.6 39 49 
40 119 77 17.1 11.4 40 50 
50 122 77 16.9 11.2 41 50 
16 00 121 75 16.7 11.1 42 51 
10 121 75 16.2 10:5 43 50 
20 120 73 16.0 10.3 44 49 
30 119 70 15.6 10.0 45 49 
40 116 67 15.4 9.6 45 48 
50 | 113 65 15.2 9.5 45 48 
17 00 Il 61 wo oS eee ee 
18 97 48 14.7 9.3 46 53 
19 73 24 14:1 8.8 40 50 
20 81 31 14.6 9.3 47 57 
21 102 50 15.2 9.7 54 64 
22 105 51 14.7 9.3 54 64 
23 97 45 14.2 8.8 53 62 
20 00 00 ge: | «ak — Be op Oo (2 oie aeons 
01 88 36 14.3 8.8 54 64 
02 87 32 14.5 8.9 54 65 | 
03 88 36 13.3 7.9 54 62 ‘ 
04 91 39 13.8 8.4 53 63 | 
05 101 48 14.2 8.8 56 67 
06 103 48 13.9 | - 8.8 59 70 
07 99 45 11.5 6.5 59 64 , 
08 83 32 8.1 3.0 58 53 
09 74 29 8.3 3.0 47 50 F 
10 73 39 9.5 4.0 31 45 
1 78. ieee 72 13 43 | 
12 81 52 6.5 10.9 j 48 ; 
13 Bod te Oe tht GI PelepeldeD 12 50 
14 92 68 20.0 14.4 16 46 
15 86 19.4 14.1 a 55 
16 79 16.7 11:0 51 
71 15.0 9.2 48 
59 13.9 8.3 48 
50 146 9.2, 46 
53 15.1 9.8 50 
5 | (145 9.6 2 ee 
57 14.7 9.2 52 
* ee oe oye 9.5" i a 
a 4. 8.8 537 


134 M. Ora, I. Oxamoro, -M. Yasunara, S. Fuxusumma and H. Marpa 


ime H D Zz 


— ASO KIKAI | ASO] KIKAI | ASO] KIKAI 
31590y +... | $4211y+... |w5°07'0+... | w3°56'1+...| 344007+... | 28470y-+... 
tito). i i.) os 


62 1 
61 1 
57 
67 


a. dl eel aod ord andl od 


ee me] IN Hm 19 fO00 


a Oe OBO N WW CC ip ( 
FOO OWORR UWRF NOMOr 


[ph bk peek ek ed ek ed fd fed pee feet pes] 


M. Orta, I. Okamoto, M. YasunHara, S. FUKUSHIMA, - 
and H. MaEpa 


eS 5 n ra 
Aso Magnetic Observatory, Kyoto University 
; > J 2 = = 7 6a oa xe SsaF eae es = 
A See ne ES - _ 4 x a a ee _ = 
od w= x oo = = a. ~ P 3 . 3ce 
Frage Phe -m fs Fyires a Ee a. Fx, =a ; — a. = = > ps ee tS i> 


jp PSt SSS IRESES Sees NSP BASS 


i 


ica 
{se 
| 
rING@esooi--og 
ste oh acs Oe Ee BS SOS 1 oe ae 
F 
M | ~) SEeeEeseSso 
c ta Bye Bore 2 


ey ee a" tg 
ee ee way 
im 


Bip 


hie >o me OF. OD je 13 
xs SDoOMaA cae HHS a9 jen hed 


~ 
t eel 
ey ' . 
or are ee m im me » weeajaaiaiiein 
mA DO ot olko wm ot im 3 CD OO t= & t= tr 
4 SaBRR SP FGELEZSESrzSese i A oA | 
* anu - ¢ 44 ag ~ 2 un a ea im ats 
: H rs 
. 1 mw? em ¥ - fat wit ry P 
bed pe . sae ot Bes 
= | 
—ee as 2 wee ee eee ee el 
. & %) VIS DO 4 ro BQ Qe cy a GD ROU FE HD | 
Cor ~ Blob De Ai OO eh I OD IO SH 
p'OVASRE VSAM 
{ i ay ‘ 
sh hee cone te 
3 ; uw <4 oD wi SS OD 0D CO? GG | 
44S os > > 6h ah Ls Od C= DED kk Tak Oodtd Oe pik 18 | 
5 i O fe ee be « 
4 7 tr ot ( ny 
; 
4 | 


“ p , a 
LNG A ve Abas t bh 
A ‘#, tet © e@s 


i sl tal 
weet ¥ rit, 


} 
; 
x 
: 
a 


| ne 


Magneto-Chemica! Stuy f the Generalized Titanoimagnaiite in V jeank Rocks 


oy 
4 
a» 
8 


A Theory of lonospherit Radio Wave Senttcring Under the Inflzences of fon 
Production. amd Recombinstion..... #9. MAEDA, S KATO and T. TSUDA 

Chemical Remanest Megmetitetion of Feeremagmeric Minérals and fis Appicatien 

A Method for Obtaining the Atgophenc Temperature and Wind from Sousd = 
Propagation in ee ee -1:¥. TARBYA ané-T. OXUMOTO a 


ee ae 


t 


PELE. |, 


{ Oerir oti 


a> ie we 


\ 
o in + "} ends ie a Mil : 
; j " _ 1% ore oom 
‘ 
P 4, oe iil | 
; Py | a ' ae ) 


JOURNAL OF GEOMAGNETISM AND GEOELECTRICITY 
Vol. X No. 3 
1959 


CONTENTS 
Magneto-Chemical Study of the Generalized Titanornagnetite in Volcanic Rocks 
) A Theory of Ionospheric Radio Wave Scattering Under the Influences of Ion 


Production and Recombination...... K. MAEDA, S. KATO and T. TSUDA 
Chemical Remanent Magnetization of Ferromagnetic Minerals and Its Application 


ap Bini Blanrt neh eis ise Fs a dnd os ac cade K. KOBAYASHI @ 
A Method for Obtaining the Atmopheric Temperature and Wind from Sound 

Propagation in the Rocket Sounding.....-Y. TAKEYA and T. OKUMOTO 1142 
LETTERS TO THE EDITORS: 


Ionospheric Radio Wave Scattering in the Electrodynamically Controlled = 


} GMA M2ITEVBAMOGS FTO JAAARUOL 


avi X Je¥ 


2TUSTUOS 


ni atisegsmonstiT besiistssD edi to ybuie isoimsedJ-ctongsM 


eco ainsoloY ni sts 


es ASUCTAM T bas OTOMDIA Z .....---+-+-<- 
nmol to esonsufinl ani tobe! geivetias® avsW olbsS_oiedqeonol to yrooiT A | 

re AQUGT .T bus OTAN 2 AGGAM X....>.noitsnidmowd bas sotioubort 
nodscigth ef ne lavaniM stsagemorst Yo aotesitonysM saonsast isso 

ge IH2AVYASOX 2....-...-- Aska eeeeeeeetenewme ses ,--++..tmeiisagsM wood of 4 
eal pak a es eee SEEN et £ = 


ee ie i kg 


pp 


* 


